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Summary 


The  long  range  objectives  of  the  research  were  to  dis¬ 
cover  and  describe  in  general  theoretical  form  the  fundamental 
factors  that  govern  ignitability,  rate  of  flame  spreading,  and  rate 
of  burning  of  fully  developed  flames  in  sprays,  vapors  and/or  pools 
of  liquid  hydrocarbon  fuels  under  various  conditions  of  exposure. 
Because  of  early  termination  of  the  program,  only  ignitability  and 
flame  spreading  characteristics  across  pools  have  been  considered 
and  are  reported  upon  here. 

Early  in  the  work  it  was  discovered  that,  for  fuels  below 
their  flashpoint,  hydrodynamic  currents  in  the  liquid  fuel  itself 
play  perhaps  the  dominant  role  in  flame  spreading.  These  currents 
are  induced  by  either  surface  tension  or  buoyancy  forces.  Since  it 
was  concluded  then  that  the  physical  characteristics  of  the  fuel  are 
important  in  flame  spreading,  extensive  experiments  were  performed 
in  which  the  flame  spreading  rate  across  normal  decane  was  measured 
as  a  function  of  fuel  temperature,  viscosity,  depth,  pan  size,  etc. 

It  is  these  results  which  must  be  compared  to  the  comprehensive  theory 
sought. 


The  problem  of  a  two-dimensional  flame  spreading  across  a 
horizontal  fuel  surface  has  been  analyzed  when  the  liquid  fuel  tempera¬ 
ture  is  below  its  flash  point.  It  has  been  demonstrated  that  the 
liquid  phase  convective  heat  transfer  in  the  direction  of  the  flame 
propagation  occurs  when  surface  tension  variation  is  taken  into  account. 
The*  flow  field  has  been  completely  analyzed  for  shallow  pools.  In 
the  case  of  deep  pools,  the  boundary  layer  approximation  is  valid  and 
it  has  been  shown  that  the  buoyancy  terms  are  of  higher  order  and 
hence  negligible  compared  to  surface  tension  terms.  Some  velocity 
profiles  in  the  liquid  phase  are  presented. 

The  program  on  iqnition  characteristics  of  pools  was  di¬ 
vided  into  two  parts:  one  considered  ignition  of  a  pool  of  fuel  above 
its  flash  temperature,  and  the  other  dealt  with  ignition  of  the  pool 
below  its  flash  temperature.  In  the  first  case,  the  ignition  zone 
could  be  predicted  from  a  given  geometry  of  pool  and  air  flow  above 
the  fuel  surface.  The  theoretical  model  considered  the  fuel  surface 
to  be  rigid  and  hence  used  the  known  boundary  layer  solutions  over  a 
flat  plate  to  calculate  the  profiles  of  the  fuel  vapor  concentration 
and  the  air  velocity  in  the  boundary  layer.  The  knowledge  of  the  lean 
and  rich  limit  concentrat ionn  for  ignition  of  the  vapor/air  mixture 
and  the  burning  velocity  of  the  fuel  as  a  function  of  vapor/air  mix¬ 
ture  then  determines  thr  ignition  zone  above  the  fuel  surface.  In 
fact,  the  experimental  ignition  data  obtained  in  the  air  flow  system 
were  in  good  agreement  with  the  theory.  Both  theory  and  experiment 
indicated  that  the  ignitable  mixture  in  the  air  flow  can  be  produced 
only  if  the  liquid  pool  is  at  or  above  its  flash  temperature. 
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In  the  case  of  the  pool  at  subflash  temperatures,  the 
ignitable  mixtures  can  be  achieved  if  local  heating  of  the  fuel  by 
the  proximity  of  the  igniter  can  sufficiently  increase  the  fuel 
vaporiJ.ation  rate.  The  local  heating  of  the  fuel  entails  a  subsur¬ 
face  fuel  circulation  which  complicates  the  phenomena  involved  in 
producing  the  ignitable  mixture  above  the  pool.  At  present,  no  proven 
model  has  been  suggested  for  this  type  of  ignition.  The  observa¬ 
tions  can  be  summed  up  in  the  following  statements: 

1.  Ignition  of  a  liquid  at  subflash  temperature  can  be 
effected  by  a  hot  igniter  if  it  is  placed  very  close  to  the  surface, 
much  closer  in  general  than  in  the  case  of  a  liquid  fuel  at  a 
temperature  above  the  flash  temperature.  It  is  evident  that  heat 
transfer  by  radiation  and  by  conduction  to  the  surface  of  the  ad¬ 
jacent  liquid  is  an  essential  part  of  the  process;  this  is  not  essential 
in  the  case  of  a  liquid  above  the  flash  temperature. 

2.  Under  such  conditions  of  ignition,  the  presence  of  a 
wind  does  not  affect  noticeably  the  required  igniter  height  or  the 
ignition  delay;  this  is  contrary  to  the  case  of  a  fuel  at  above-flash 
temperature,  where  the  wind  is  definitely  a  strong  factor. 

3.  The  presence  of  the  hot  igniter  near  the  liquid  surface 
causes  two  observable  fluid  dynamic  phenomena.  One  is  a  sustained 
vortex,  with  the  streamlines  running  away  from  the  igniter  along  the 
surface,  and  returning  to  the  igniter  upward  from  below  the  surface. 

The  higher  the  igniter  temperature,  the  faster  the  liquid  circulates 
in  the  vortex.  The  second  phenomena  is  a  definite  depression  of  the 
surface  below  the  igniter,  in  some  cases  as  much  as  a  millimeter, 
which  becomes  more  pronounced  as  the  igniter  temperature  is  raised 

or  as  it  is  brought  closer  to  the  surface. 

4.  Unless  the  induced  circulation  in  the  body  of  the  fuel 
near  the  hot  igniter  is  restricted  by  some  artificial  means,  such  as 
a  mechanical  barrier  or  a  thickening  additive,  the  induction  interval 
before  ignition  may  be  very  long,  from  a  few  seconds  to  a  hundred 
seconds  or  more,  depending  on  the  temperature  of  the  igniter,  its 
closeness  to  the  surface,  and  other  conditions. 

5.  Although  a  liquid  pool  at  subflash  temperature  may  have 
been  brough  successfully  to  ignition,  the  flame  may  die  out  soon  after 
the  igniter  is  withdrawn.  However,  it  was  observed  that  if  the  burn¬ 
ing  area  exceeds  some  minimum  size,  the  flame  will  continue  to  propa¬ 
gate  over  the  surface  of  the  subflash  liquid  fuel.  The  preignition 
motion  of  the  fuel,  induced  by  the  heat  flux  from  the  hot  igniter  at 
the  upper  surface,  was  studied  to  determine  the  driving  mechanisms  of 
the  motion.  It  was  found  that  buoyancy  and  surface  tension  forces 
were  combining  to  cause  the  complex  motion.  A  numerical  scheme  was 
formulated  to  obtain  more  details  of  the  fluid  motion. 
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In  conclusion,  this  research  has  shown  that  the  ignition 
data  for  the  boundary  layer  above  the  pool  at  superflash  tempera¬ 
ture  is  in  satisfactory  agreement  with  the  theoretical  model.  On 
the  other  hand  ignition  above  the  pool  at  subfla3h  temperature  de¬ 
pends  strongly  on  subsurface  motion  of  the  fuel. 

The  problem  of  ignition  of  a  combustible  mixture  by  a  hot 
projectile  also  has  been  analyzed  by  considering  independently  three 
flow  regimes,  the  leading  stagnation  point,  the  lateral  surface,  and 
the  wake.  The  dependence  of  the  projectile  velocity  on  its  temperature 
and/or  its  length  is  determined  numerically  for  different  values  of 
quantities  relating  to  the  properties  of  propane-air  mixture.  An 
empirical  correlation  of  the  numerical  results  is  also  given. 

A  simplified  model  has  been  proposed  for  the  ignition  of 
unmixed  reactants  by  a  hot  inert  gas,  and  the  numerical  results  are, 
at  present,  being  obtained. 
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Foreward 


The  Princeton  program  on  "The  Physics  of  Flames"  began  on 
July  1,  1968  under  the  sponsorship  of  the  U.  S.  Army  Ballistics 
Research  Laboratory  (Contract  No.  DAAD05-68-C-0450) .  The  program 
was  terminated  on  July  31,  1970  and  this  document  is  the  final 
report  of  ♦•he  progress  made. 

The  principal  investigators  directing  this  effort  were 
Professors  Irvin  Glassman,  William  A.  Sirignano  and  Martin  summerfield. 
The  overall  program  was  divided  into  three  major  parts:  flame 
spreading  across  liquid  pools,  ignition  of  pools,  and  a  theoretical 
effort  on  flame  spreading  and  projectile  ignition.  As  a  matter  of 
administrative  convenience  to  the  sponsoring  agency,  a  small  study 
on  ignition  of  solid  propellants  directed  by  Professor  Summerfield 
was  added  to  the  program  under  the  same  contract. 

Considering  the  scope  of  the  effort,  it  was  deemed  most 
logical  to  write  this  report  in  four  separate  parts  which  would 
include  each  of  the  major  aspects  of  the  flame  study  and  the  solid 
propellant  study.  Each  part  is  written  as  if  it  were  a  separate 
document  and  includes  its  own  table  of  contents,  text,  references 
and  figures.  Co-authors  who  have  contributed  to  the  program  are 
listed  at  the  beginning  of  each  part. 
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Part  I.  Flame  Spreading  Over  Liquid  Fuel  Surfaces  in  Quiescent 
Atmospheres  (R.  MacKinven  and  I.  Glassman) 


Of  the  four  stages  (ignition,  flame  spreading,  steady 
burning  and  extinguishment)  involved  in  the  burning  of  large  pools 
of  flammable  liquids,  flame  spreading  has  received  the  least  atten¬ 
tion  in  the  literature.  Only  two  contributions,  which  are  spe¬ 
cific  to  the  better  understanding  of  flame  spreading  oyer  liquid 
fuels,  could  be  found.  One  is  by  Tarifa  and  Torralbo'1*  in  1907 
and  the  other  is  a  doctoral  thesis  by  Roberts (2)  which  is  referenced 
in  a  comment  by  Roberts  on  the  above  paper*.  Partly  because  of 
this  dearth  of  information  on  flame  spreading  over  liquid  fuels, 
a  co-ordinated  program  of  fundamental  tests  and  experiments  was 
planned.  During  the  course  of  the  contract  (24  months)  many  of 
these  plans  were  implemented.  Due  to  the  number  and  diversity  of 
the  experiments  which  were  performed  and  the  multiplicity  of  con¬ 
clusions  that  were  drawn,  the  research  is  best  described  under  six 
main  sub-headings: 

A.  Preliminary  Concepts,  Models  and  Experiments. 

B.  Experimental  Procedures  for  Flame  Spreading  Measure¬ 
ments  . 

C.  Investigation  of  the  Influence  of  Laboratory  Param  ers 
on  the  Rate  of  Flame  Spread. 

D.  Investigation  of  the  Influence  of  Changes  in  the 
Physical  properties  of  the  Fuel  on  the  Rate  of  Flame 
Spread. 

E.  Investigation  of  the  Convective  Flow  Patterns  in  the 
Liquid  Which  Accompany  Flame  spreading. 

F.  Measurement  of  the  Physical  Properties  of  the  Fuels. 

A.  Preliminary  Concepts,  Models  and  Experiments 

Since  ignition,  flame  spreading,  "steady"  burning,  and  ex¬ 
tinction  are  intimately  interrelated,  one  process  cannot  ade¬ 
quately  be  studied  without  a  knowledge  of  the  other  three  pro¬ 
cesses.  Consequently,  the  initial  task  in  the  program  was  a  re¬ 
view  of  the  field  of  Pool  Burning  (6).  This  review  formulated  some 
basic  concepts  which  have  been  the  keystones  to  the  research  effort. 
Firstly,  the  flash  temperature  and  the  fire  temperature  were  given 


It  was  only  after  the  present  research  effort  began  that  a  copy 
of  this  copyrighted  thesis  could  be  obtained  from  the  Imperial 
College  Library,  London.  The  date  of  the  thesis  is  1959  although 
it  is  erroneously  reported  as  1966  in  Roberts'  comments  to  Tarifa 
and  Torralbo's  paper (1)  in  the  11th  Combustion  Symposium.  This 
work  has  since  been  published  in  the  proceedings  of  the  Royal 
Society  under  the  co-authorship  of  Burgoyne  and  Roberts  with 
Quinton  (see  References  3-5). 
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a  basic  definition  in  terms  of  fundamental  combustion  theory.  The 
flash  point  is  that  temperature  at  which  the  liquid  fuel  ignites 
(i.e.,  flashes)  in  air  when  a  pilot  flame  is  passed  at  a  specified, 
constant,  distance  above  the  fuel  surface,  it  therefore  specifies 
the  temperature  at  which  the  liquid  exerts  a  sufficient  vapor  pres¬ 
sure  such  that  the  mixture  of  fuel  vapor  and  air  is  ju3t  within 
the  flammability  limit  of  the  fuel.  (Obviously  the  flash  point 
varies  somewhat  with  the  height  of  the  ignition  source,  but  for  a 
fixed  height,  the  flash  point  is  a  fixed  property  of  the  fuel). 

The  fire  point  is  the  temperature  at  which  the  liquid  not  only 
ignites,  but  also  burns  in  a  self-sustaining  manner.  Fundamentally, 
it  is  the  temperature  which  creates  a  mixture  ratio  near  the  sur¬ 
face  such  that  the  transfer  number  is  large  enough  so  that  the 
energy  release  at  the  fuel  surface  (due  to  combustion)  maintains 
a  sufficient  evaporation  rate  to  sustain  a  flammable  mixture  ratio. 

These  definitions  led  to  the  concept  that  there  are  two  distinct 
mechanisms  of  flame  spread,  one  controlling  above  the  flash  point 
and  the  other  below  the  flash  point.  When  a  fuel  which  is  above 
it  flash/fire  point  is  ignited  the  flame  can  spread  through  the 
vapor-air  mixture  without  requiring  further  vaporization  from  the 
liquid.  In  such  cases,  gas  phase  phenomena  are  postulated  to  con¬ 
trol  the  rate  of  flame  spread  and  the  order  of  magnitude  of  the 
spread  rate  should  be  the  laminar  flame  speed. 

Liquid  fuels  below  their  flash  point  are  known  to  sustain  a 
spreading  flame  and  eventually  burn  in  a  'steady'  manner.  The  most 
logical  process  of  sustaining  the  spreading  flame  is  to  have  the 
liquid  ahead  of  the  flame  front  heated  to  its  flash  point.  There 
are  three  distinct  ways  in  which  the  fuel  ahead  of  the  flame  may 
be  heated,  namely: 

(i)  RADIATION  from  the  flame  to  the  non-ignited  fuel  sur¬ 
face.  (See  Figure  1,  heat  transfer  mode  6). 

(ii)  CONDUCTION  through  the  gas  ahead  of  the  flame  to  the 
fuel  surface  [See  Figure  1,  heat  transfer  mode  5). 

(iii )  Heating  (CONDUCTIVE,  CONVECTIVE  AND  RADIATIVE)  of  the 
fuel  beneath  the  established  flame  and  then  transfer  of 
heat  forward  through  the  liquid  fuel,  (See  Figure  1, 
heat  transfer  modes  3,  4  and  11). 

For  small  flames,  radiative  heating  is  negligible,  leaving  only 
the  slower  conductive  and  convective  mechanisms,  (ii)  and  (iii) 
above.  It  was  postulated,  therefore,  that  flame  spreading  rates 
would  be  much  slower  in  fuels  below  the  flash  point  than  in  fuels 
above  the  flash  point.  This  conception  is  shown  schematically  in 
Figure  2  as  a  plot  of  flame  spreading  rate  as  a  function  of  fuel 
temperature.  It  was  found  later  that  Roberts  (2)  had  previously 
postulated  such  curves  and  made  the  experimental  measurements  to 
support  them. 
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Armed  with  these  considerations,  certain  key  preliminary  ex¬ 
periments'7'  were  performed  in  which  close  visual  observation  was 
made  of  flame  spreading  over  kerosene*  below  its  flash  point. 

These  experiments  showed,  as  Roberts' (2)  experiments  apparently  had, 
that  the  liquid  fuel  ahead  of  the  flame  moves  in  the  same  direction 
as  the  flame.  This  observation  was  verified  by  noting  the  movement 
of  styrofoam  particles  which  were  floated  on  the  fuel  surface  during 
the  flame  propagation  experiments.  It  wa3  speculated  that  con¬ 
vection  currents  in  the  liquid  fuel  were  a  most  important  factor 
in  the  flame  propagation  process.  This  conclusion  was  supported 
by  two  other  series  of  experiments.  In  one,  the  fuel  was  absorbed 
in  sintered  metal  and  refractory  wicks,  with  the  reasoning  that 
the  metal  wick  had  a  higher  thermal  conductivity  and  thus  the  flame 
should  propagate  more  rapidly  if  heat  conduction  through  the  liquid 
is  important.  The  flame  spread  very  slowly  across  the  metal  wick 
(the  flame  propagation  rate  was  trivial  compared  to  the  rates  in 
free  liquid  fuels)  while  with  the  refractory  wick  the  flame  was 
essentially  stationary  and  the  fuel  was  transferred  to  the  station¬ 
ary  flame  by  capillary  action.  The  solid  wicks  therefore  stopped 
the  initiation  of  convective  flows  and  flame  spreading  was  much 
slower. 

In  the  second  series  of  experiments  a  group  of  barriers  were 
placed  in  the  experimental  tray  such  that  the  top  of  the  barriers 
almost  penetrated  the  fuel-air  interface,  i.e.,  the  fuel  just  wetted 
the  tops  of  the  barriert.  Barriers  made  of  cardboard  (thermal  con¬ 
ductivity  equal  to  that  of  the  fuel),  steel  and  glass  (thermal  con¬ 
ductivity  greater  than  that  of  the  fuel)  had  the  same  effect  in  that 
flame  propagation  was  halted  at  the  first  barrier.  (If  allowed  to 
burn  for  a  few  minutes,  the  fuel  on  the  other  side  of  the  barriers 
would  eventually  heat  up,  ignite  and  flame  propagation  would  begin 
again).  If  the  barriers  were  lowered  a  little  (a  few  mm)  below  the 
fuel  surface  the  flame  propagated  normally  over  the  barriers.  It 
was  concluded  that  liquid  phase  convection  was  the  major  driving 
force  for  flame  spread  across  liquids. 

In  a  final  series  of  preliminary  experiments  the  viscosity  of 
the  kerosene  fuel  was  increased  by  adding  a  polyisobutylene  of 
molecular  weight  at  200,000,  Vistanex  MM  L-140,  in  small  percentages 
to  the  fuel.  Such  thickening  agents  were  not  expected  to  alter  the 
vapor  pressure  of  the  kerosene  (this  was  later  verified  experimentally, 
see  Section  F.2).  As  was  anticipated  if  convection  currents  were 
important,  when  the  viscosity  of  the  fuel  increased  the  flame  spread¬ 
ing  rate  decreased.  These  data  are  shown  in  Figures  3  and  4.  The 
decrease  in  flame  spreading  is  of  significant  proportions. 

Following  the  accepted  practice  for  research,  the  feed-back  of 
information  from  the  experiments  to  the  model  showed  that  there  were 


A  3.6  mm  thick  layer  of  kerosene  was  floated  on  a  15.3  mm  layer 
of  water  in  an  aluminum  tray,  48  inches  long,  6  inches  wide  and 
1  inch  deep. 
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two  logical  ways  in  which  convection  currents  (cells)  could  be 
established  by  surface  tension  induced  flows*  (Marangoni  effect) 
or  buoyancy  induced  flows  (gravity  effect). 

The  conclusions  of  this  preliminary  study  can  be  summarized 

QS  ;  “ 

(i)  Flash  and  fire  points  were  given  much  greater  signifi¬ 
cance. 


(ii)  There  are  two  regimes  of  flame  spread. 

(iii)  Above  the  flash  point,  gas  phase  phenomena  control  the 
flame  spreading  rate. 

(iv)  Below  the  flash  point,  liquid  phase  phenomena  control 
the  f]ame  spreading  rate. 

(v)  Below  the  flash  point  convection  currents  play  an  im¬ 
portant  role  in  flame  spreading  mechanisms. 

(vi)  Flame  spreading  over  solids  and  liquids  may  differ  con¬ 
siderably  and  great  care  must  be  taken  in  applying  theories 
for  solids  to  liquids. 


B .  Expe  r imental  Procedures  for  Flame  Spreading  Measurements 


At  the  start  of  this  program  many  decisions  had  to  be  made  as 
to  the  experimental  techniques  to  be  used  for  measuring  flame 
spreading  rates.  The  two  previous  studies  used  widely  different 
techniques.  Burgoyne  and  co-workers (3-5)  used  a  wick  as  an  ignitor, 
narrow  channels  (0.9"  to  2.5",  but  usually  1.3"  wide)  as  fuel  con¬ 
tainers  and  a  circulating  water  bath  to  maintain  the  temperature 
of  the  containers.  Tarifa  and  Torralbo  used  a  large  tray  (20  inches 
wide  by  16  feet  long),  gasoline  as  an  ignitor  fluid  and  a  moving 
screen  which  extinguished  the  flames  about  one  foot  behind  the  flame 
front.  It  was  considered  essential  that  all  the  procedural  details 
of  the  flame  spreading  experiments  should  be  investigated  critically 
so  as  to  give  results  which  were  independent  of  the  procedures.  To 
this  end,  various  fuels,  modes  of  ignition  and  methods  for  measuring 
the  flame  spreading  rate  were  investigated.  This  section  describes 
the  procedures  and  the  next  section  describes  the  investigation  of 
the  influence  of  the  laboratory  parameters  on  the  rate  of  flame 
spread. 


1 .  Fuels 

Two  types  of  fuels  were  recognized  as  being  important,  (1) 


★ 

The  concept  of  surface  tension  induced  flows  first  arose  in  dis¬ 
cussions  with  Professor  S.  H.  Lam. 


f 
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mixed  fuels,  like  kerosene,  which  are  in  commercial  use,  and  (2) 
pure  fuels  which  are  constituents  of  the  mixed  fuels,  e.g.,  nonane, 
decane,  undecane,  dodecane,  tetradecane,  hexadecane,  cymene  and 
dipentene.  The  fuels  which  have  been  used,  their  purity  and  their 
source  are  shown  in  Table  1.  Initially  kerosene  was  used  as  the 
test  fluid,  but  its  wide  variation  in  composition  caused  scatter 
in  the  results  and  dipentene  then  was  substituted.  Eventually  the 
more  expensive  n-decane  was  used  for  the  majority  of  the  tests  be¬ 
cause  it  burned  much  more  cleanly  and  with  less  carbon  formation 
than  dipentene. 

A  distillation  apparatus  was  constructed  to  repurify  the 
unburned  n-decane  remaining  after  each  test.  The  fraction  distilling 
in  the  range  173-174°C  was  collected  and  used  in  subsequent  tests. 

2.  Procedures 

Early  in  the  experimental  program,  it  became  obvious  that 
great  care  must  be  taken  in  controlling  the  initial  conditions  in 
order  to  obtain  reproducible  flame  spreading  data.  In  particular, 
external  air  currents  and  variations  in  the  temperature  of  the  fuel 
cause  discrepancies  and  must  be  eliminated.  Accordingly,  all  ex¬ 
periments  were  performed  in  a  test  cell  (25  feet  long  by  9  feet  wide 
by  10  feet  high)  which  was  virtually  free  of  drafts  so  that  flame 
spreading  phenomena  were  studied  under  conditions  free  of  forced 
convection.  Furthermore,  the  temperature  of  the  cell  was  controlled 
to  +  1°C  using  heaters  and  air  conditioners.  The  fuel  was  equilibrated 
to  the  required  temperature  (+  0.1°c)  in  a  temperature  controlled 
water-bath. 

In  most  experiments  (except  those  with  water-soluble  fuels 
and  some  experiments  with  decane  and  kerosene)  the  fuel  was  floated 
on  water  in  order  to  give  a  well  defined  depth  of  fuel  and  to  con¬ 
serve  fuel  supplies.  (The  effect  of  the  presence  of  this  water  layer 
has  been  investigated,  see  Sections  D.l  and  4). 

In  a  typical  run,  it  was  decided  what  fuel,  depth  of  fuel, 
initial  temperature,  and  tray  size  to  use.  A  wide  variety  of  tray 
sizes  were  available.  Most  trays  were  made  of  1.6  mm  (1/16  inch) 
thick  aluminum,  but  two  were  constructed  of  6.3  mm  (h  inch)  thick 
plates  of  Pyrex  (which  were  cemented  together  with  epoxy)  to  allow 
visual  observation  of  the  liquid  phase  phenomena  and  to  change  the 
thermal  properties  of  the  tray  walls.  Change  of  the  thermal  proper¬ 
ties  of  the  tray  walls  also  was  achieved  by  lining  the  inside  of 
the  aluminum  trays  with  plate  glass.  (Table  2  gives  the  dimensions 
of  the  trays).  The  method  of  measuring  the  progress  of  the  spread¬ 
ing  flame  was  also  chosen  (see  next  section).  The  fuel  (and  water 
if  required)  was  added  to  the  tray  and  time  was  allowed  for  currents 
in  the  air  and  liquid  to  subside  before  igniting  the  fuel.  After 
the  flame  had  spread  the  required  distance  and  the  necessary 
measurements  had  been  taken,  the  flame  was  extinguished  by  covering 


Table  1 


Source  and  ■ urity  of  the  Liquid  Fuels 


Fuel  Grade  (mole  per  cent)  Source 


n-Nonane 

Technical 

(95%) 

Phillips  66 

n-Decane 

Practical 

(  95%) 

Humphrey  Chemical 

Co. 

n-Decane 

Technical 

(95%) 

Phillips  66 

n-Decane 

Pure  (97%) 

Phillips  66 

n-Decane 

97% 

Humphrey  Chemical 

Co. 

n-Decane 

99% 

Humphrey  Chemical 

Co. 

n-Decane 

Research  (99.5%) 

Phillips  66 

n-Undecane 

Technical 

(95%) 

Phillips  66 

n-Dodecane 

Technical 

(95%) 

Phillips  66 

n-Dodecane 

Practical 

(90%  + 

Isomers ) 

Humphrey  Chemical 

Co. 

n-Tetradecane 

Practical 

(91%  + 

Isomers) 

Humphrey  Chemical 

Co. 

n-Hexadecane 

Practical 

(91%  + 

Isomers ) 

Humphrey  Chemical 

Co. 

Dipentene 

Technical 

Eastman  Organic  Co. 

Dipentene 

Reagent 

J.  T.  Baker  Co. 

p-Mentha-1, 8 

diene 

Technical 

Matheson,  Coleman 

&  Bell 

(Dipentene) 

Cytnene 

Technical 

Fisher  Scientific 

Co. 

Mesitylene 

Technical 

Fisher  Scientific 

Co. 

n-Butanol 

Reagent 

Matheson,  Coleman 

&  Bell 

n-Butanol 

Technical 

Fisher  Scientific 

Co. 
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Table  2 

Size  and  Material  of  the  Trays 


Material 


Aluminum 

Aluminum 

Aluminum 

Aluminum 

Aluminum 

Aluminum 

Pyrex 

Aluminum 

Aluminum 

Aluminum 

Alum ’  .mm 

Aluminum 

Aluminum 

Aluminum 

Aluminum 

Aluminum 

Aluminum 

Aluminum 


Dimensions,  cm  (inches 


Length  Width  Depth 


120(48) 

2.9(1.13) 

2.5 

(1) 

120(48) 

5.6(2.25) 

2.5 

(1) 

120(48) 

7.8(3.13) 

2.5 

(1) 

120(48) 

10.6(4.25) 

2.5 

(1) 

120(48) 

15  (6) 

1.9 

(0.75) 

120(48) 

15  (6) 

2.5 

(1) 

120(48) 

15  (6) 

2.5 

(1) 

120(48) 

15  (6) 

3.2 

(1.25) 

120(48) 

17.5(7) 

2.5 

(1) 

120(48) 

22.5(9) 

2.5 

(1) 

120(48) 

60  (24) 

2.5 

(1) 

120(48) 

75  (30) 

2.5 

(1) 

180(72) 

19.7(7.9) 

1.0 

(0.4) 

180(72) 

19.7(7.9) 

2.5 

(1) 

180(72) 

19.7(7.9) 

5.0 

(2) 

180(72) 

45  (18) 

2.5 

(1) 

240(96) 

30  (12) 

2.5 

(1) 

300(120) 

19.7(7.9) 

2.5 

(1) 

300(120) 

75  (30) 

2.5 

(1) 

Aluminum 
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with  a  smother  board.  Reproducibility  was  much  improved  by  adopt¬ 
ing  this  standard  procedure,  and  by  repeating  each  determination 
four  or  five  times  the  scatter  of  results  was  reduced  to  about  + 

J  /»• 


★ 

Three  different  ignition  methods  were  investigated.  The 
first  used  an  aluminum  barrier  to  segment  a  small  (approx.  5-8  cm 
wide)  section  of  the  fuel  at  the  end  of  the  tray  which  was  ig¬ 
nited  with  a  Bernz-o-Matic  propane  torch.  When  the  flame  was  fully 
established  in  this  section,  the  barrier  was  removed  and  the  flame 
allowed  to  spread. 

In  the  second  mode  of  ignition,  a  small  volume  (approx,  lcc) 
of  a  volatile  fuel,  usually  hexane,  was  poured  onto  the  fuel  at 
one  end  of  the  tray  and  spark  ignited. 

In  the  third  method,  an  asbestos  or  ceramic  wick  was  placed 
near  the  end  of  the  tray  and  the  fuel  vapor  above  the  wick  was  ig¬ 
nited  with  a  flame. 

The  barrier/torch  mode  of  ignition  was  used  in  the  majority 
of  tests,  but  the  hexane/spark  ignition  was  used  periodically 
throughout  the  tests  in  order  to  test  the  reproducibility  of  the 
flame  spreading  data  with  a  different  mode  of  ignition.  The  wick 
ignition  method  was  used  only  occasionally  in  specialized  tests. 

(The  advantages  and  disadvantages  of  these  procedures  are  dis¬ 
cussed  in  more  detail  later;  see  Section  C.4). 

3 .  Techniques  used  for  measuring  flame  spreading  rates 

There  are  numerous  methods  available  for  measuring  the  rate 
of  progress  of  the  flame  across  the  surface  of  fuels  (V_) .  Some 
methods  give  mean  velocities  between  two  fixed  positions  while 
others  give  values  of  the  instantaneous  spreading  velocity  at  a 
specific  position.  Many  methods  were  tried  in  order  to  arrive  at 
the  'best'  possible  method,  by  'best',  it  wa3  obviously  con¬ 
sidered  that  the  method  should  be  accurate  (and  preferably  give 
some  idea  of  the  accuracy),  but  also  it  should  be  easy  to  use  and 
set  up  and  give  results  quickly  because  of  the  large  number  of  ex¬ 
periments  which  were  anticipated.  The  method  should  also  minimize 
the  amount  of  subjectivity  in  deciding  the  position  of  the  flame 
front. 


The  main  methods  used  to  measure  flame  spreading  rates  are 
described  below. 


* 

Unconfined  fuels  below  their  flash  points  cannot  be  ignited  by 
simply  applying  a  source  of  energy  such  as  a  propane  torch. 
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(a)  Method  1  -  stopwatch  timing  between  two  fixed  points. 

This  was  the  first  method  used  and  had  the  advanatage 
that  it  was  very  simple  in  that  it  entailed  marking  positions  on 
the  tray  and  timing  the  progress  of  the  flame  with  a  stopwatch. 
This  method  has  the  disadvantage  that  it  only  gave  mean  velocities 
and  it  was  subjective.  (It  depended  on  the  experimentalists 
eyesight  in  determining  the  position  of  the  leading  edge  of  the 
flame) . 


(b)  Method  2  -  Cinematography  of  flame  position  and  time. 

A  Bolex  16  mm  movie  camera  was  used  to  record  si¬ 
multaneously  the  time  and  the  position  of  the  flame  in  a  graduated 
tray.  This  method  had  the  advantage  that  it  gave  plots  of  flame 
position  against  time  and,  therefore,  gave  instantaneous  ve¬ 
locities.  It  had  a  marked  disadvantage  due  to  the  delays  in 
processing  and  tedious  analysis  of  the  film. 

(c)  Method  3  -  Photo-transistor  detection  with  electronic 

counter  display 

Photo-transistors  were  arranged  at  known  positions 
along  the  tray  in  specially  designed  housings  such  that  the  view- 
angle  was  very  small  and  in  a  direction  perpendicular  to  the 
direction  of  flame  spread.  The  output  from  these  photo-transistors 
was  fed  into  Schmidt  triggers  so  that  when  the  output  reached  a 
certain  value  a  Berkeley  counter  was  initiated.  One  photo¬ 
transistor  started  the  counter  when  the  flame  passed  and  another 
stopped  the  counter,  the  counter  was  calibrated  in  seconds. 

This  method  had  the  advantage  that  it  was  very  rapid  to  use,  but 
had  the  disadvantages  that  it  only  gave  mean  spreading  rates  and 
that  it  gave  no  idea  of  the  magnitude  of  the  errors  involved  in 
each  measurement. 

(d)  Method  4  -  Photo-transistor  detection  with  Visicorder 

display 

This  method  used  the  identical  photo-transistor  de¬ 
tectors  to  the  previous  method  but  the  output  from  the  transistors 
was  displayed  directly  on  a  Visicorder.  Although  this  method  was 
slightly  more  time  consuming  and  still  only  gave  mean  velocities, 
it  did  give  an  idea  of  the  errors  involved  in  each  measurement 
since  it  supplied  a  continuous  record. 

In  many  runs,  combinations  of  the  above  methods  were 
used.  For  example,  the  photo- transistor/counter  method  was  backed- 
up  by  stopwatch  measurement  or  the  pho to- trans is tor/vis icorder 
method  was  backed  up  with  cinematography. 
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4.  Automated  system  for  measuring  flame  spreading  rates  in 
the  standard  tray 

While  the  investigation  of  the  effect  of  the  experimental 
parameters  was  in  progress,  it  was  not  possible  to  automate  the 
system.  [No  system  could  be  devised  which  would  allow  a  30  fold 
variation  in  the  tray  width,  a  3  fold  variation  in  the  tray  length 
and  a  5  fold  variation  in  the  tray  depth] .  It  is  advantageous 
to  have  an  automated  system,  however,  not  only  for  the  aesthetic 
reason  that  it  is  much  more  pleasant  for  the  operator  to  perform 
the  tests  away  from  the  fumes  and  smoke  of  the  experiment  (al¬ 
though  with  particular  fuels  which  emit  toxic  fumes  this  is  a 
necessity)  but  also  the  technical  reason  that  if  the  test  room  is 
isolated  without  any  personnel  the  flame  spreading  results  are 
less  variable.  This  is  because  the  operator  causes  drafts  and 
forced  convection  currents  with  the  movements  of  his  body  that  are 
necessary  to  perform  the  experiment. 

When  experiments  indicated  a  standard  tray  size,  the  system 
was  automated  so  as  to  be  operated  from  outside  the  test  cell. 
Figure  5  shows  an  overall  view  of  the  apparatus.  Ignition  was 
achieved  by  pouring  1  cc  of  hexane  from  a  container  by  actuating 
a  solenoid  valve.  The  measurements  were  performed  as  described 
previously  using  the  visicorder  and  the  photodetectors.  Ex¬ 
tinguishment  was  achieved  by  smothering  the  flames  by  actuating 
a  motorized  ocx  which  move  3  to  cover  the  burning  fuel  while  at 
the  same  nitrogen  jets  purged  the  oxygen  from  the  enclosed  area 
hence  "starving"  the  flames.  The  operator  viewed  the  experiment 
through  a  window.  After  each  run  the  noxious  fumes  were  evacuated 
from  the  test  cell  by  a  remotely  operated  extractor  fan.  When 
the  room  air  was  freshened  using  air  conditioners,  the  operator 
entered  the  test  area  to  prepare  f?r  the  next  run. 

C.  Investigation  of  the  Influence  of  Laboratory  Parameters  on 
the  Rate  of  Flame  Spread  Across  Liquid  Fuels 

The  prime  reason  for  this  work  was  to  investigate  the  effects 
of  laboratory  parameters  (such  as  tray  width,  tray  length  and  tray 
depth)  with  the  view  to  obtaining  flame  spreading  data  which  were 
independent  of  the  apparatus. 

1 .  Qualitative  observations  and  a  physical  description  of  the 
spreading  flame 

A  great  deal  of  insight  was  gained  from  close  observation 
of  the  spreading  flame. 

With  all  fuels,  the  main  flame  was  preceded  by  a  blue  flame 
very  close  to  the  surface  of  the  fuel.  It  is  considered  that  this 
precursor  flame  is  a  premixed  fuel  and  air  flame.  With  most  fuels 
this  precursor  flame  oscillated  back  and  forward  in  front  of  the 
well-developed  flame. 
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This  observation  is  in  agreement  with  the  concept  that 
the  flash  point  of  the  fuel  is  important  in  controlling  the 
mechanism  of  flame  spread.  Initially  the  temperature  of  the  fuel 
is  lower  than  its  flash  point,  and  there  is  insufficient  fuel 
vapor  to  form  a  flammable  mixture  above  the  liquid  surface.  As 
the  flame  approaches,  heat  is  transferred  ahead  of  the  flame 
front  until  the  liquid  temperature  attains  the  flash  point.  At 
this  temperature  there  is  sufficient  fuel  vapor  to  form  the  lean 
flammable  nixture  and  a  pre-mixed  flame  flashes  through  this 
mixture,  at  a  speed  of  the  order  of  the  laminar  flame  velocity, 
consuming  the  flammable  mixture.  At  the  flash  .emperature,  the 
rate  of  vaporization  is  not  high  enough  to  sustain  the  flame  and 
thus  the  premixed  flame  is  extinguished  (i.e.,  appears  to  flash 
back).  This  sequence  of  events  is  repeated,  with  the  premixed 
flame  flashing  backward  and  forward,  until  the  requisite  amount 
of  heat  is  transferred  forward  of  the  flame  to  raise  the  fuel 
temperature  to  the  fire  point.  The  flame  is  now  developed  at 
this  point  and  tne  flame  progresses  further  along  the  fuel  surface. 

When  n-butanol  is  used  as  the  fuel,  the  observations  are 
slightly  different  in  that  the  precursor  flame  progresses  steadily 
over  the  fuel  surface  rather  than  oscillate  back  and  forward. 

This  observation  is  again  in  agreement  with  the  above  description 
since  experimental  measurement  of  the  flash  and  fire  points  of 
n-butanol  (see  section  F.l)  shows  the  two  to  be  very  close  to¬ 
gether  (both  29°C,  Tag  Open  Cup  Method,  A.S.T.M.,  1968).  There 
is  approximately  6°C  difference  between  the  flash  and  fire  points 
of  the  other  fuels  studied. 

Behind  the  blue  pre-mixed  flame  was  a  short  transition 
region  in  which  the  flame  builds  up  to  its  fully  developed  height. 

The  full-developed  flame  itself  was  composed  of  semi-discrete 
flamelets  which  pulsate  causing  the  flame  height  to  fluctuate. 

It  is  obvious  from  this  description  of  the  flame  spreading 
phenomenon  that  it. is  not  a  completely  steady  process,  and  any 
method  which  utilizes  the  flame  phenomenon  to  measure  spreading 
r»tes  will  be  susceptible  to  some  error. 

It  is  useful,  at  this  point,  to  attempt  a  description  of 
the  physical  processes  which  accompany  the  flame  spreading  phenomenon. 
The  spread  of  flame  across  a  liquid  fuel  surface  below  its  flash 
point  presents  a  complex  problem  of  coupled  interactions  which 
include  heat  transfer  processes  (conductive,  convective  and 
radiative),  mass  transfer  processes  (in-draft  of  aix;  up-draft  of 
hot  combustion  products)  and  hydro-dynamic  processes  (convective 
motion  of  the  non-uniformly  heated  liquid  fuel).  Further,  there 
are  processes  associated  with  the  presence  of  the  tray.  The  purpose 
of  the  experiments  described  in  this  section  were  to  identify  the 
important  processes  and  to  separate  the  processes  involved  with 
the  tray  and  not  intrinsically  accompanying  the  flame  spreading. 
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Figure  1  schematically  illustrates  the  physical  processes 
which  can  be  postulated  as  occurring.  These  can  be  summarized 
as  follows: 

(a)  Heat  transfer  from  the  flame  and  the  pre-cursor  flame 
to  the  atmosphere  [(1)  and  (2)  on  Figure  1). 

(b)  Heat  transfer  from  the  flame  to  the  fuel  surface  be¬ 
low  the  flame  [(3)  and  (4)1. 

(c)  Heat  transfer  from  the  flame  to  the  fuel  surface 
ahead  of  the  flame  [(5)  and  (6)]. 

(d)  Heat  transfer  from  the  precursor  to  the  fuel  surface 
below  the  pre-cursor  (7). 

(e)  Heat  transfer  from  the  flame  to  the  tray  edges  [(8) 
and  (9)]. 

(f)  Heat  transfer  from  the  surface  of  the  fuel  to  the 
bulk  of  the  fuel  (10). 

(g)  Heat  transfer  from  fuel  under  flame  to  the  fuel  ahead 
of  the  flame  (convective  (11)]. 

(h)  Heat  transfer  from  fuel  layer  to  the  water  layer  and 
then  to  the  tray  (12). 

(i)  Heat  transfer  from  fuel  layer  to  the  tray  walls  (13). 

(j)  Heat  transfer  from  the  tray  rim  to  the  bulk  of  the 
tray  and  then  to  the  table  top  ((14)  and  (15)]. 

(k)  Heat  transfer  from  the  tray  to  fuel  layer  (16). 

(l)  Evaporative  mass  transfer  of  fuel  from  the  surface. 

(m)  Mass  transfer  upwards  of  the  hot  combustion  products. 

(n)  Mass  transfer  of  air  into  the  flame  both  ahead  of  the 
spreading  flame  and  over  the  tray  edges. 

Some  of  these  processes  are  heat  losses  and  slow  down 
propagation;  it  remains  to  identify  the  important  processes  by 
mean3  of  experimentation. 

2 .  The  effect  of  the  environmental  parameters  (atmospheric 

pressure,  relative  humidity  and  air  temperature)  on  the 

flame  spreading  velocity. 

Although  it  was  difficult  to  test  the  effects  of  changes  in 
atmospheric  pressure  and  relative  humidity  directly,  experiments 
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were  repeated  on  different  days  and  the  environmental  parameters 
were  noted.  Analysis  of  a  large  number  of  experiments  from  many 
different  days  showed  that  the  atmospheric  pressure  and  the  rela¬ 
tive  humidity  had  no  discernible  effect  on  the  flame  spreading 
data.  Furthermore,  slight  variations  in  the  air  temperature  (+  5°C), 
had  negligible  effect  on  the  flame  spreading  velocity. 

3 .  The  constancy  of  the  flame  spreading  rate  along  the  tray 

length. 

One  of  the  necessary  first  steps  in  the  experimental  program 
was  to  determine  that  the  flame  spreading  rate  (Vp)  was  indeed 
constant  along  the  length  of  the  tray.  Movie  filfts  were  taken  of 
the  flame  spreading  along  the  entire  length  of  three  different 
trays,  and  plots  were  made  of  the  position  of  the  leading  edge 
of  the  flame  against  time.  (See  Figure  5).  In  all  these  plots, 
the  flame  spreading  rate  reached  a  constant  value  after  a  short 
acceleratory  period  (approx.  25  cm  from  the  ignition  end). 

It  can  be  seen  from  Figure  6  that  individual  points  showed 
a  relatively  large  deviation  from  the  mean  line.  In  fact,  a  line 
joining  all  the  points  in  a  run  with  n-decane  was  sinusoidal  in 
character.  This  gave  substance  to  the  argument  that  the  flame 
spreading  was  not  steady  in  nature  but  rather  an  unsteady  oscilla¬ 
tion  super-imposed  on  an  average  velocity.  It  was  felt,  however, 
that  these  tests  adequately  justified  the  use  of  mean  velocity 
measuremants,  provided,  of  course,  the  measurement  region  was 
sufficiently  downstream  from  the  ignition  end  not  to  be  in  the 
acceleratory  region  and  also  that  the  detection  points  were  suffi¬ 
ciently  far  apart  to  minimize  the  errors  of  the  oscillatory  motion. 

It  was  estimated  that  results  with  accuracy  of  £  3%  reflect 
the  unsteadiness  of  the  flame  propagation. 

4.  The  effect  of  different  modes  of  ignition. 

A  series  of  experiments  were  performed  in  which  the  mode 
of  ignition  was  varied  in  order  to  assess  the  effect  of  the  ig¬ 
nition  method  on  the  flame  spreading  velocity. 

In  one  set  of  runs  with  4  mm  depth  of  n-decane  floated  on 
14,8  mm  of  water  in  a  120  x  15  x  2.5  cm  aluminum  tray  at  an  initial 
temperature  of  23°C,  the  width  of  the  ignition  zone  and  the  time 
of  ignition  with  the  propane  torch  were  varied  in  the  barrier/ torch 
ignition  method  (see  Section  B.2).  Three  ignition  widths  (2.5,  5 
and  7.5  cm)  and  three  ignition  times  (10,20,30  seconds)  were  in¬ 
vestigated.  The  measured  rates  of  flame  spread  agreed,  within 
experimental  limits,  in  all  nine  tests  showing  that  the  results 
were  not  sensitive  by  slight  changes  in  the  mode  of  ignition. 
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Comparative  tests  on  the  three  different  modes  of  ignition 
were  run  with  n-decane  in  the  120  x  15  x  2.5  cm  tray.  The  barrier/ 
torch  method  and  the  hexane/spark  method  gave  results  that  agreed 
very  closely,  whereas  the  wick  ignition  gave  completely  different 
data.  In  the  wick  ignition  the  flame  did  not  spread  immediately, 
but  rather  remained  on  the  wick  for  a  long  period  of  time  (about 
5-10  minutes)  before  spreading  over  the  liquid  fuel  surface  at  a 
much  faster  rate  than  given  by  either  of  the  other  two  ignition 
methods. 


The  induction  period  and  the  faster  rate  of  flame  spread 
are  considered  to  be  direct  consequences  of  the  convective  flows 
which  are  generated  by  the  flame  on  the  wick.  These  currents 
efficiently  remove  heat  from  the  fuel  in  the  vicinity  of  the  wick. 

It  is  not  until  all  of  the  fuel  in  the  tray  is  heated  sufficiently 
to  permit  the  fuel  adjacent  to  the  wick  to  attain  the  flash  tempera¬ 
ture  that  flame  spreading  begins.  Flame  spreading  is  more  rapid 
because  of  the  increase  in  the  bulk  fuel  temperature  caused  by  the 
convection  currents.  Because  of  the  variability  of  the  initial 
fuel  temperature,  the  wick  ignition  method  was  not  used  to  obtain 
flame  spreading  data. 

As  was  stated  before  (page  ),  Burgoyne  and  Roberts 
used  wick  ignition.  Our  work,  however,  casts  doubt  on  the  validity 
of  their  use  of  an  "initial"  fuel  temperature. 

5.  The  effect  of  fuel  purity  on  the  rate  of  flame  spread. 

The  initial  studies  of  flame  spreading  were  conducted  with 
kerosene  in  order  to  compare  the  results  with  Tarifa  and  Torralbo 
but  it  was  recognized  that  such  mixed  fuels  come  in  different 
compositions  depending  on  the  batch  and  that  the  flame  spreading 
data  may  be  susceptible  to  scatter.  Accordingly,  it  was  decided 
that  a  mono-fuel  which  is  a  constituent  of  these  "mixed"  fuels  was 
more  amenable  to  accurate  study.  Normal  decane  was  chosen  as  a 
suitable  fuel  for  the  majority  of  tests,  but  since  this  also  comes 
in  various  grades  it  was  essential  to  test  if  the  flame  spreading 
rate  varied  with  the  source  or  the  purity  of  n-decane.  (The  high 
cost  of  ultra-pure  n-decane,  $160/gallon,  prohibited  its  use  in 
large  number  of  runs.  Also,  the  moderately  expensive  95  mole  per¬ 
cent  n-decane,  $30/gallon,  necessitated  the  recovery,  by  distilla¬ 
tion  of  the  unconsumed  fuel).  Thus,  the  flame  spreading  velocities 
of  four  grades  of  fuel,  nominally  95,  97,  99,  99.5  mole  percent, 
and  the  redistilled  n-decane  have  been  measured.  There  was  no 
difference  in  the  flame  spreading  velocity  (within  experimental 
scatter)  with  any  of  the  grades  of  n-decane;  thus,  the  Humphrey 
97  mole  percent  (the  least  expensive)  and  the  redistilled  n-decane 
were  used  for  all  tests.  This  result  was  to  be  expected  since 
the  main  impurities  of  n-decane  are  isomers  of  decane  with  similar 
flammability  characteristics. 
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Other  fuels  (see  Table  2)  were  used  less  frequently. 

6.  The  effect  of  variations  in  fuel  temperature  on  the  flame 
spreading  velocity. 

The  main  purpose  of  this  study  was  to  determine  the  accuracy 
with  which  the  fuel  temperature  should  be  controlled  in  order  to 
minimize  the  errors  in  the  flame  spreading  data.  The  spreading 
velocity  wan  investigated  using  a  4  mm  depth  of  n-decane  floated 
on  14.8  mm  depth  of  water  in  the  ^20  x  15  x  2.5  cm  aluminum  tray 
over  a  temperature  range  of  13-30UC.  As  can  be  seen  from  Figure  7, 
the  flame  spreading  velocity  increased  from  1.9  cm/sec  at  13°C  to 
2.7  cm/sec  at  30°C.  The  rate  of  increase  was  much  less  in  the 
low  temperature  region  than  in  the  high  temperature  region.  These 
findings  indicated  that  a  variation  of  +  0.2°C  at  a  temperature  of 
23°C  caused  a  change  of  +  0.754  in  the  flame  spreading  velocity 
and  indicated  that  a  temperature  control  to  +  0.1°C  was  adequate 
to  minimize  the  errors. 

7.  The  effects  of  variation  of  the  tray  dimensions  on  the 
flame  spreading  velocity. 

The  study  of  liquid  phase  flame  spreading  phenomena  differs 
from  similar  studies  of  solid  materials  in  that  the  fuel  i3  fluid 
and  thus  necessitates  the  use  of  a  tray  to  contain  the  fuel.  The 
dimensions  and  materials  of  this  tray  may  have  a  tremendous  influ¬ 
ence  on  the  validity  of  the  flame  spreading  results,  and  it  is  im¬ 
perative  that  the  phenomena  caused  by  the  tray  and  thos  intrinsi¬ 
cally  connected  with  the  physics  of  the  process  be  separated. 

Accordingly,  from  the  outset  a  program  of  experiments  was 
drawn  up  in  which  the  effects  of  (a)  the  height  of  the  tray  wall 
and  the  related  parameter,  the  height  of  the  tray  rim  above  the 
fuel  surface,  (b)  the  tray  width,  and  (c)  the  tray  length,  on  the 
flame  spreading  velocity  were  studied  systematically.  All  guns 
were  conducted  at  a  constant  liquid  temperature  (23.0  +  0.1°C)  and 
with  a  constant  depth  of  fuel  (4  mm)  floated  on  a  constant  depth 
of  water  (14.8  mm).  In  most  cases,  the  runs  were  duplicated  both 
in  aluminum  trays  and  aluminum  trays  lined  with  3  mm  thick  plate 
glass  in  order  to  change  the  physical  properties  (in  particular, 
the  thermal  conductivity  and  the  thermal  diffusivity)  of  the  wall. 

(a)  The  height  of  the  tray  wall  and  its  effect  on  the  flame 
spreading  velocity. 

Three  aluminum  trays,  all  120  cm  long  by  15  cm  wide, 
but  18.8,  25.4  and  31.7  mm  deep  respectively,  were  used  for  this 
study.  The  fuel  was  dipentene. 
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Since  the  length/width  ratio  of  the  trays  was  com¬ 
paratively  large  (8:1)  and  the  flame  effectively  propagated  through 
a  narrow  channel,  it  was  expected  that  the  long  walls  of  the  tray, 
rather  than  the  end  walls,  would  have  the  most  perturbing  effect 
on  the  flame  spreading  velocity.  The  experiments  were  conducted 
in  different  sets  in  order  to  separate  the  various  effects  of  the 
walls  and  the  bottom  of  the  tray.  The  experiments  can  be  divided 
into  five  groups.  (Figure  8  illustrates  diagrammatically  the 
various  wall  configurations). 

(i)  The  regular  unlined  aluminum  trays  (see  (A), 

(B) ,  (C)  in  Figure  8) . 

(ii)  The  aluminum  trays  lined  along  its  entire  long 
sides  with  18.8  mm  wide  and  2.5  mm  thick  plate 
glass  (see  (D),  (E)  and  (F)  of  Figure  8).  In 
addition,  some  runs  were  performed  with  glass 
liners  along  the  end  walls. 

(iii)  The  aluminum  trays  with  6.3  mm  thick  plate 
glass  lining  the  bottom,  both  with  and  without 
glass  liners  along  the  long  sides.  (See  (G) 
and  (H)  of  Figure  8). 

(iv)  The  31.7  mm  high  aluminum  tray  lined  along  its 
entire  long  sides  with  12.7  mm  wide  and  2.5  mm 
thick  plate  glass  such  that  the  glass  obscured 
only  the  aluminum  wall  above  the  fuel  surface. 
(See  (I)  of  Figure  8). 

(v)  The  6.3  mm  thick  Pyrex  tray.  (See  (J)  of 
Figure  8). 

In  addition,  some  runs  were  performed  similar  to  group 
(ii)  above,  except  that  the  glass  insulators  were  used  only  in  the 
central  45  cm  of  the  tray. 

The  results  of  these  studies  are  summarized  in  Figure  9 
as  a  plot  of  the  flame  spreading  velocity  as  a  function  of  the 
height  of  the  tray  rim  above  the  fuel  surface. 

The  flame  spreading  velocity  in  the  aluminum  trays  fell 
from  4.08  cm/sec  in  the  13.8  mm  tray  to  3.4  cm/sec  in  the  25.4  mm 
and  31.7  mm  trays.  A  similar  pattern  was  observed  in  the  aluminum 
trays  lined  with  glass  inside  the  long  walls  [4.47  cm/sec  at  zero 
pan  rim  height  (18.8  mm  tray)  but  4.03  cm/sec  at  5.6  and  12.9  mm 
pan  rim  height  (25.4  and  31.7  mm  height  tray))  except  that  the 
flame  spreading  rate  was  in  all  cases  faster  in  the  glass  lined 
trays  than  in  the  equivalent  unlined  aluminum  tray. 
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The  fall  in  flame  spreading  velocity  as  the  free 
board  height  was  increased  from  zero  (i.e.,  fuel  level  flush  with 
the  top  of  the  pan)  to  5.6  mm  and  12.9  mm  was  probably  due  to  the 
aerodynamic  consequences  of  the  tray  rim  which  inhibits  the  flow 
of  oxygen  to  the  fuel  surface. 

The  overall  increase  in  Vp,  regardless  of  the  free 
board  height,  when  glass  liners  were  inserted  in  the  trays  was  un¬ 
doubtedly  due  to  the  reduction  in  the  thermal  conductivity  (and 
thermal  diffusivity)  of  the  tray  wall  material  which  reduced  the 
heat  losses  from  the  fuel  layer  to  the  tray  wall  (i.e.,  heat  trans¬ 
fer  mode  No.  13  in  Figure  1  was  reduced). 

When  the  6.3  mm  thick  glass  bottom  was  used  (which 
effectively  reduces  the  height  of  the  tray  rim  above  the  fuel  sur¬ 
face  by  6.3  mm  and  also  changes  the  heat  transfer  characteristics 
of  the  tray  bottom) there  was  no  change  in  the  spreading  rate  in 
the  31.7  mm  deep  tray  (i.e.,  now  equivalent  to  25.4  mm  deep  tray). 
This  showed  that  a  negligible  amount  of  heat  was  lost  through  the 
bottom  of  the  tray.  In  the  25.4  mm  deep  tray  the  spreading  rate 
increased  from  3.4  cm/sec  to  4.07  cm/sec  when  the  glass  bottom  is 
inserted.  This  was  equivalent  to  changing  the  free  board  height 
from  5.6  mm  to  zero,  and  again  demonstrated  that  heat  losses 
through  the  bottom  of  the  pan  were  negligible. 

The  use  of  glass  liners  inside  the  end  walls  did  not 
change  the  flame  spreading  velocity  indicating  that  heat  losses 
through  the  end  walls  were  not  important. 

The  25.4  mm  deep  Pyrex  tray  gave  very  similar  results 
to  those  obtained  in  the  25.4  mm  and  31.7  mm  deep  aluminum  trays 
lined  with  glass  along  their  long  edge.  This  result  was  to  be 
expected  and  demonstrated  that  a  glass  lined  aluminum  tray  was 
equivalent  to  an  all-glass  tray. 

When  glass  was  used  to  insulate  only  the  central  45  cm 
of  the  tray  (i.e.,  the  distance  over  which  V_  was  measured)  the  flame 
spreading  r?  :e  was  3.80  cm/sec  in  the  25.4  rm  deep  tray  and  3.75 
cm/sec  in  the  31.7  mm  deep  tray.  These  values  are  intermediate  be¬ 
tween  those  obtained  with  glass  liners  along  the  entire  length  of 
the  tray  and  those  without  glass  liners.  This  indicated  that 
processes  behind  the  leading  edge  of  the  flame  were  also  important 
in  determining  the  rate  of  flame  propagation. 

When  the  12.7  mm  wide  glass  liners  were  inserted  along 
the  long  side  of  the  31.7  mm  tray  such  that  the  glass  obscures 
only  the  aluminum  wall  above  the  surface  of  the  fuel  (see  Figure  8-1) 
the  flame  spreading  velocity  was  reduced  to  3.04  cm/sec  (as  opposed 
to  3.4  cm/sec  in  the  31.7  mm  aluminum  tray  without  glass  liners). 


This  interesting  experime  gave  a  great  deal  of  insight  into  the 
important  heat  transfer  processes  which  occurred  at  the  tray  wall. 
The  heat  loss  from  the  fuel  layer  to  the  tray  wall  has  already 
been  identified  as  an  important  process.  The  flame,  however,  can 
heat  up  the  tray  rim  and  this  heat  is  dissipated  throughout  the  pan. 
In  the  absence  of  glass  liners,  the  flame  heats  the  aluminum  wall 
appreciably  and  the  hot  aluminum  wall  acts  as  a  source  of  heat 
feed-back  into  the  fuel  layer  (i.e.,  tends  to  diminish  the  heat 
loss  shown  as  (13)  in  Figure  1).  When  glass  obscures  the  aluminum 
free  board,  the  wall  is  heated  by  the  flame  to  a  much  lesser  ex¬ 
tent  and  the  heat  feed-back  from  the  wall  to  the  fuel  is  markedly 
diminished.  This  has  the  effect  of  increasing  the  heat  loss  from 
the  fuel  layer  and  thus  diminishing  the  spreading  velocity. 

(b)  The  effect  of  tray  width. 

The  flame  spreading  velocity  over  n-decane  WcS  measured 
in  twelve  different  width  aluminum  trays,  both  with  and  without 
glass  liners  attached  to  the  inside  of  the  long  wall.  The  results 
are  shown  in  Figure  10.  In  all  cases  the  tray  length  was  constant 
at  120  cm  and  the  tray  height  was  2.5  cm. 

There  are  several  interesting  points  to  be  made  from 
these  data.  Again  the  flame  spreading  velocity  was  faster  in 
aluminum  trays  lined  with  glass  than  it  was  in  unlined  aluminum 
trays.  This  difference  persisted  until  the  tray  width  reached 
60  cm  at  which  width  the  results  with  and  without  glass  insulators 
were  indistinguishable.  These  results  confirmed  that  heat  losses 
from  the  liquid  fuel  to  the  tray  wall  become  less  important  a3  the 
tray  width  was  increased,  and  in  the  limit,  at  60  cm  width,  the 
heat  losses  can  be  neglected. 

As  can  be  seen  from  Figure  10,  there  was  a  significant 
change  in  the  slope  of  V_  against  tray  width,  both  with  and  with¬ 
out  glass  liners,  in  the^.S,  5,  7.5  and  10  cm  wide  trays.  This 
more  rapid  diminution  of  the  flame  spreading  velocity  as  the  tray 
width  was  decreased  below  15  cm  was  attributed  to  the  viscous 
effects  at  the  tray  wall,  which  of  course,  gave  rise  to  a  non- 
uniform  velocity  across  the  fuel  channel.  Thus,  the  heat  con¬ 
vection  in  the  direction  of  propagation  is  altered.  The  appear¬ 
ance  of  the  flame  plume  is  also  noticeably  changed  in  these  narrow 
trays  from  a  large  coherent  flame  in  the  wide  trays  to  a  series 
of  small  flamelets,  which  are  basically  independent  of  one  another, 
in  the  2.5  cm  wide  tray. 

These  results  again  cast  doubt  on  the  absolute  validity 
of  the  work  of  Eurgoyne  and  Roberts (3-5) .  These  pioneer  workers 
used  channels  which  were  only  2.3,  3.3  and  6.2  cm  wide.  It  would 
appear  that  in  such  narrow  channels  wall  effects  must  be  very  im¬ 
portant. 

’  In  the  wider  trays,  30  to  75  cm  wide,  the  flame  height 
increased  markedly  from  approximately  60  cm  in  the  30  cm  v/ide  tray 
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to  approximately  180  cm  in  the  60  and  75  cm  tray.  This  increase 
in  flame  height  was  accompanied  by  an  increase  in  radiant  energy 
output  from  the  flame.  This  radiant  increase  was  thought  to 
account  for  the  more  gradual  increase  in  V_  in  this  width  regime. 

The  flame  spreading  velocity  at  tray  widths  between 
15  and  22.5  cm  was  of  great  interest.  Without  glass  liners,  the 
flame  spreading  velocity  increased  from  2.40  cm/sec  to  2.75 
cm/sec  when  the  tray  width  was  increased  from  15  to  22.5  cm.  With 
glass  liners,  however,  the  flame  spreading  velocity  was  constant 
at  2.97  +  0.08  cm/sec  in  this  same  width  regime.  This  'plateau' 
value,  which  was  thoroughly  checked  by  repeated  tests,  was  thought 
to  correspond  to  a  region  in  which  VF  was  not  only  unaffected  by 
the  viscous  drag  at  the  tray  walls  and  the  heat  losses  from  the 
fuel  layer  to  the  tray  walls,  but  also  was  unperturbed  by  rad¬ 
iative  heat  transfer  from  the  flame.  This  hypothesis  was  to  some 
extent  corroborated  by  a  series  of  experiments  in  which  manually 
operated  boards  were  used;  (a)  to  shield  the  surface  of  the  unlit 
fuel  from  the  flame  radiation,  or  (b)  to  extinguish  the  flame  5  or 
25  cm  and,  thus,  reduce  the  flame  height  and  the  radiative  heat 
transfer).  Although  these  devices  did  produce  marked  decreases 
in  the  flame  spreading  velocities  in  the  wider  trays  (see  Figure 
10),  a  considerable  number  of  tests  showed  that  the  techniques 
were  difficult  to  use  with  precision.  The  qualitative  results 
were,  however,  interesting.  For  example,  when  the  'radiation- 
excluding  boards '  were  used  in  the  15  cm  wide  tray  there  was  no 
change  in  the  spreading  velocity.  When,  however,  the  boards  were 
used  in  the  45  cm  wide  tray  V_  fell  from  3.45  cm/s®c  without  the 
'radiation  excluder'  to  3.04  cm/sec  with  the  'radiation  excluder' 
(i.e.,  the  'plateau'  value  which  was  obtained  in  the  15  to  22.5  cm 
wide  trays).  In  the  75  cm  wide  tray,  (which  was  the  widest  tray 
in  which  it  is  feasible  to  study  the  flame  spreading  phenomenon, 
because  of  spatial  limitations  of  the  test  cell  and  the  increased 
hazards  of  burning  large  areas  of  fuel)  the  flame  spreading  velocity 
was  the  same,  within  experimental  error,  as  was  measured  in  the 
60  cm  wide  tray.  It  appears,  therefore,  that  a  second  'plateau' 
had  been  reached  beyond  which  no  further  increases  in  the  flame 
spreading  rate  were  possible.  The  flame  plume  increases  in  height 
as  the  tray  width  was  increased  (in  the  75  cm  wide  tray  the  flame 
plume  was  approximately  150-180  cm  high).  It  was  likely  that  when 
the  flame  reaches  these  heights  there  is  no  significant  increase 
in  the  'view  factor'  of  the  liquid  fuel  adjacent  to  the  flame  (i.e., 
the  flame  plume  is  effectively  infinite)  and  thus  there  is  little 
or  no  increase  in  the  radiative  heat  transfer  to  the  fuel.  Simi¬ 
lar  results  were  reported  by  Anderson  (9)  f0r  flame  spread  through 
solid  fuel  beds.  In  order  to  substantiate  that  this  plateau  was 
indeed  a  real  phenomenon  associated  with  flame  spreading  (i.e., 
the  experiments  were  scaled  properly)  and  not  a  consequence  of 
the  size  of  the  test  cell  (the  ceiling  of  the  cell  is  only  180  cm 
(6  feet)  above  the  fuel  and  may  perturb  the  flame  plume)  or  the 
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non-homologous  .iature  of  the  trays  (the  length/width  ratio  of  the 
75  cm  wide  tray  is  only  1.625),  several  tests  were  performed  in  a 
much  larger  test  room  with  a  ceiling  height  of  900  cm  (30  feet). 

Tests  were  performed  both  in  the  120  x  75  x  2.5  cm 
tray  (to  repeat  the  earlier  determinations)  and  in  a  much  longer 
tray,  300  x  75  x  2.5  cm.  In  the  120  x  75  x  2.5  cm  tray,  lined 
with  glass,  the  spreading  velocity  was  very  similar  in  the  large 
test  facility  as  had  been  measured  in  the  smaller  test  cell  (3.55 
cm/sec  and  3.67  cm/sec  respectively).  The  flame  spreading  rate 
was  constant  along  the  length  of  the  tray  and  the  flame  height 
was  similar  to  before  at  150-240  cm  (5-8  feet).  In  the  300  x  75  x 
2.5  cm  tray,  however,  the  flame  spreading  rate  was  accelerating 
along  the  length  of  the  tray  and  was  faster  than  in  the  shorter 
tray  (V  was  4.47  cm/sec  in  the  upstream  region  and  rose  to  6.10 
cm/sec  In  the  downstream  region).  Furthermore,  the  flame  height 
was  greater  (pulsating  to  over  "’00  cm).  It  would  appear  that  the 
second  plateau  in  the  curve  of  Vp  against  tray  width  (Figure  lo) 
was  a  consequence  of  the  shortness  (I?''  cm)  of  the  trays  used  and 
not  a  real  phenomenon  associated  with  iiame  spreading.  These  ex¬ 
periments  show  that  V_  was  sensitive  to  flame  height  and  the 
radiative  output  of  the  flame.  Unfortunately,  these  experiments 
did  not  indicate  an  upper  bound  to  the  flame  spreading  velocity 
in  large  pans,  because  of  the  increasing  intensity  of  the  flame 
radiation. 

(c)  The  effects  of  variations  in  tray  length. 

The  effects  of  variations  in  tray  length  on  Vp  were 
studied  in  trays  2.5  cm  deep  and  20  cm  wide  (i.e.,  in  the  foidth 
range  in  which  the  flame  spreading  is  controlled  by  convective 
effects).  Six  tray  lengths,  300,  240,  180,  150,  120  and  90  cm 
were  studied.  The  results  are  shown  in  Figure  11  as  a  plot  of  Vp 
against  tray  length.  The  fuel  was  n-decane,  the  initial  tempera¬ 
ture  was  23°C,  and  as  before  the  trays  were  lined  with  19  mm  wide 
plate  glass. 


As  can  be  seen  from  the  figure,  the  flame  spreading 
velocity  was  insensitive  to  further  increases  in  tray  length  above 
180  cm  .  Below  180  cm  length,  the  flame  spreading  velocity  fell 
below  the  maximum  value  of  3.04  cm/sec  to  a  minimum  of  2.8  cm/sec 
in  a  90  cm  long  tray. 

These  results  were  as  expected  since  the  length  of 
the  tray  does  not  alter  the  heat  loss  characteristics  to  the  walls, 
and  the  only  probable  effect  of  length  is  that  the  short  trays 
perturb  the  flow  characteristics  of  the  convective  motion. 


No  effort  was  made  to  determine  whether  the  length  to  width  ratio 
was  applicable  to  other  tray  widths,  since  it  was  decided  to 
standardize  on  a  width  of  20  cm. 


-27- 


8.  Conclusions 


(a)  These  experiments  define  a  tray  of  dimension 

180  x  20  x  2.5  cm,  lined  inside  its  long  wall  with 
glass,  in  which  flame  spreading  data  is  uneffected 
by  the  presence  of  the  tray. 

(b)  Convection  in  the  liquid  phase  is  again  identified 
as  an  important  mode  of  heat  transfer. 

(c)  Radiative  heat  transfer  only  begins  to  be  important 
in  trays  which  are  wider  than  22.5  cm. 

(d)  Because  of  the  importance  of  convective  heat  trans¬ 
fer  in  the  liquid  phase,  care  must  be  taken  in  the 
use  of  wicks  to  ignite  the  sub-flash  temperature 
fuel,  because  of  the  difficulty  in  assigning  an 
initial  temperature  to  the  fuel. 

(e)  Care  must  be  taken  in  assigning  theories  of  flame 
spreading  to  liquid  fuels  below  their  flash  point. 
Radiation  is  undoubtedly  a  major  mode  of  heat  trans¬ 
in  the  large  scale  problem,  but  convective  heat  trans¬ 
fer  is  the  major  mode  of  heat  transfer  both  in  smaller 
scale  fire  spreading  and  in  the  transitional  period 

of  the  large  scale  fires.  Many  of  the  theories  of 
flame  spreading  are  assigned  to  both  solid  and  liquid 
fuel,  whereas  it  is  the  opinion  of  the  authors  that 
the  relative  contributions  of  conduction,  convection 
and  radiation  vary  markedly  both  in  liquids  and  in 
solids  and  in  'small'  and  'large'  fires. 

D.  Investigation  of  the  Influence  of  Changes  in  the  Physical 

Properties  of  the  Fuel  on  the  Rate  of  Flame  Spread 

There  are  three,  physical  properties  of  the  fuels  which  were 
initially  recognized  as  being  of  importance;  the  viscosity,  the 
surface  tension  (and  the  gradient  of  surface  tension  with  respect 
to  temperature)  and  the  flash/fire  points.  The  depth  of  the  fuel 
layer,  although  not  strictly  a  physical  property  of  the  fuel,  was 
also  investigated  and  it  is  included  in  this  section  since  it 
directly  influences  the  form  of  the  convection  currents  generated 
by  flame  spread. 

Changes  in  other  properties  of  the  liquid  fuel  (density,  heat 
capacity,  thermal  conductivity,  coefficient  of  bulk  expansion)  have 
not  been  investigated  systematically  in  this  work. 
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All  experiments  were  conducted  in  the  standard  tray  (see 
Section  B?  72"  long,  8"  wide  and  1"  deep)  and  using  the  automatic 
system  unless  otherwise  noted. 

1 .  The  effect  of  changes  in  the  viscosity  of  the  fuel. 

As  was  described  in  Section  A,  the  viscosity  of  kerosene 
was  altered  by  additions  of  small  amounts  (/**  2%)  of  a  polyiso¬ 
butylene  called  Vistanex  MM  L-140  (Enjay  Chemical  Co.).  Although 
these  tests  were  highly  instructive,  they  were,  by  necessity,  of 
a  preliminary  nature.  (The  tray  was  smaller  than  the  standard 
size  and  without  glass  liners  to  insulate  the  wall3  so  the  re¬ 
sults  may  have  been  perturbed  by  edge  effects,  and  more  importantly, 
the  viscosity  measurements  were  made  by  the  less  reliable  falling- 
ball  method,  see  Section  F.2).  It  was  considered  important  to 
check  the  effect  of  increasing  viscosity  with  a  more  rigorously 
controlled  series  of  tests. 

Two  sets  of  tests  were  performed.  In  the  first,  a  4mm 
deep  layer  of  n-decane  was  floated  on  a  14.8  mm  deep  layer  of 
water,  and  in  the  second,  a  4mm  deep  layer  of  n-decane  was  used 
without  a  water  layer.  In  both  sets  of  runs  the  free  board  height 
was  held  constant  at  6.3  mm  inch)  since  a  1"  deep  tray  was  used 
with  the  water  layer  and  a  0.4"  deep  tray  was  used  in  the  series 
with  n-decane  alone.  The  two  sets  of  tests  were  aimed  at  investi¬ 
gating  the  effect  of  a  change  in  the  lower  boundary  condition  of 
the  fuel  from  water  (thermal  diffusivity,  14.3  x  10~4  cm2/sec)  to 
aluminum  (thermal  diffusivity,  0.92  cm2/sec)  while  keeping  all 
other  parameters  constant. 

The  results  are  shown  in  Figures  12  and  13  as  plots  of 
flame  spreading  velocity  (V„)  as  a  function  of  reciprocal  viscosity 
(1/  fA.  ).  In  both  cases  Vp  Varies  between  2.90  cm/sec  for  pure 
n-decane  (  lx.  -  0.88  centipoise  at  23°C)  to  1.3  cm/sec  for  n-decane 
thickened  tfo  a  viscosity  of  20  centipoise.  The  results  with  and 
without  a  water  layer  show  good  correspondence  indicating  that  the 
presence  of  the  water  substrate  does  not  alter  the  flame  spreading 
rate.  Since  the  water  and  aluminum  differ  in  thermal  diffusivity 
by  a  factor  in  excess  of  600,  the  logical  conclusion  is  that  heat 
losses  through  the  fuel  perpendicular  to  the  surface  are  unim¬ 
portant  in  a  4mm  deep  n-decane  layer.  This  conclusion  confirms 
and  extends  the  results  of  a  previous  study  in  which  no  change  in 
V  was  measured  when  a  k  inch  thick  glass  bottom  was  inserted  into 
the  tray.  (See  Section  C.7.a.).  The  water  layer  was  used  initially 
a3  a  way  of  ensuring  a  uniform  fuel  layer  and  also  as  a  fuel  con¬ 
servation  device.  This  series  of  tests  has  demonstrated  that  in 
n-decane  layers,  which  are  over  4mm  thick,  the  results  are  inde¬ 
pendent  of  the  lower  boundary  condition.  This  result  greatly  in¬ 
creased  the  applicability  of  these  results  and  justified  the  con¬ 
tinued  use  of  a  water  substratum. 
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The  shape  of  the  V_  vs.  1 / jm  curve  is  difficult  to  analyze 
quantitatively.  (It  appears  to  follow  a  V_  (1/  a,  )  *  dependence 
over  the  viscosity  range  1.6  centipoise  to*  6  centipoise).  Quali¬ 
tatively,  however,  the  shape  of  the  curves  in  good  agreement  with 
our  preliminary  studies  with  kerosene  (see  Figures  3  and  4).  The 
curves  are  also  in  qualitative  agreement  with  a  liquid  phase  con¬ 
vection  controlling  mechanism  of  flame  spread. 

2.  The  effect  of  changes  in  the  surface  tension  of  the  fuel. 

The  earliest  and  most  completely  formulated  model  of 

f 3 ame  spreading  over  liquid  fuels  was  based  on  convective  flows 
generated  by  surface  tension  gradients.  Because  of  this,  one  of 
the  principal  objectives  of  the  experimental  program  was  to  directly 
test  this  model  by  changing  the  surface  tension  (  cT  )  and  the 
gradient  of  surface  tension  with  respect  to  temperature  (3>r  /dT  ) 
of  the  fuel,  n-decane.  After  a  painstaking  search,  a  surfactant 
^designated  FC-176  by  the  3M  Co.  was  found  to  alter  both  O'  and 
of  n-decane  (see  section  F.3  and  Figure  25). 

Six  different  experiments  were  performed  with  n-decane 
plus  1.5%  FC-176  by  volume  in  three  fuel  depth  (2,  4  and  16.8  mm), 
both  with  and  without  a  water  sub-layer.  In  no  case  was  the 
measured  flame  spreading  velocity  significantly  changed  by  the 
addition  of  the  surfactant.  In  two  further  tests,  the  proportion 
of  FC-176  was  increased  to  5%,  but  again  there  was  no  measurable 
alteration  in  the  flame  spreading  velocity. 

At  first  sight,  this  seems  to  be  contrary  to  the  predictions 
of  the  Glassman-Sirignano  surface  tension  induced  flow  model  of 
flame  spreading.  However,  two  points  remain  to  be  investigated. 
Firstly,  the  exact  nature  of  the  effect  of  FC-176  on  the  surface 
tension  of  n-decane  should  be  evaluated.  Secondly,  the  smallest 
depth  of  fuel  with  which  it  i3  feasible  to  make  tests  is  2  mm, 

(below  1.5  mm  depth  of  n-decane  at  23°C,  the  flame  will  not  spread), 
and  it  is  considered  that  the  consequences  of  surface  tension 
gradients  may  be  important  in  thinner  fuel  layers  (  <  1  mm) . 

Time  did  not  permit  the  investigation  of  these  two  effects  before 
the  expiration  of  the  contract. 

3 .  The  influence  of  changes  in  the  depth  of  the  fuel  layer. 

The  dependence  of  the  flame  spreading  velocity  on  the  depth 
of  fuel  is  important  from  both  a  theoretical  and  a  practical  view¬ 
point.  Experiments  were  conducted  with  n-decane  at  23°C  in  the 
standard  tray  and  a  water  layer  was  used  as  was  necessary  to  main¬ 
tain  the  free  board  height  at  6.3  mm.  Some  of  the  tests  wera  com¬ 
pleted  using  the  automatic  system  while  others  used  the  manual 
system.  The  results  with  the  two  methods  were  in  excellent  agree¬ 
ment.  Figure  14  shows  the  results  as  a  plot  of  V_  as  a  function 
of  the  depth  of  the  n-decane  layer.  The  results  fall  into  two 
regimes;  those  below  2  mm  depth  where  the  flame  did  not  spread  and 
those  above  2  mm  depth. 
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(a)  Experiments  with  fuel  layers  less  than  2mm  deep. 

One  and  1.5  mm  depths  of  n-decane  did  not  support  a 
propagating  flame  although  ignition  of  a  portion  of  the  surface 
could  be  easily  achieved  either  by  the  barrier  ignition  method  or 
the  hexane  ignition  method. 

Close  visual  observation  and  movie  photography  of 
the  processes  occurring  in  thin  films  of  n-decane  indicated  that 
the  absence  of  flame  spreading  was  due  to  a  break  up  of  the  film 
which  isolated  the  burning  portion  from  the  main  body  of  the  fuel. 
This  break  up  was  observed  to  occur  when  the  decane  was  floated 
on  water  or  was  in  contact  with  the  aluminum  tray.  The  fact  that 
the  ignited  section  burned  almost  to  completion  (only  a  few  cc  of 
fuel  remained)  indicated  that  heat  loss  to  the  water  sub-layer  was 
not  an  important  mechanism  for  inhibiting  the  flame  propagation. 

(This  was  also  to  be  expected  from  consideration  of  the  thermal 
diffusivities  of  n-decane  and  water;  3.27  x  10"3  cm2/sec  and 
1.43  x  10“^  cm/sec  at  23°C  respectively).  Furthermore,  experi¬ 
ments  showed  that  propagation  did  occur  in  a  one  mm  layer  of 
n-decane  which  had  been  thickened  by  additions  of  small  percentages 
of  Vistanex  MM  4-140.  This  is  in  accord  with  the  postulate  that 
break-up  of  the  fuel  layer  is  important  in  stopping  flame  spreading 
since  increases  in  viscosity  of  the  fuel  would  inhibit  the  break 
up  of  the  fuel  film. 

Time  did  not  permit  an  exhaustive  investigation  of 
the  cause  of  the  break  up  of  the  fuel  layer.  There  are  two 
mechanisms  which  can  be  envisaged  as  causing  this  effect.  The  first, 
and  more  unlikely,  is  that  the  oscillation  of  the  precursor  flame 
causes  flows  in  the  fuel  which  break  up  the  film.  In  order  to  test 
this  hypothesis,  flame  spreading  experiments  wer~  conducted  over 
very  thin  films  of  n-butanol.  It  should  be  remembered  that  the 
combustion  of  n-butanol  is  not  accompanied  by  an  oscillatory  pre¬ 
cursor  flame  (see  Section  C.I.).  Butanol  sustained  a  propagating 
flame  down  to  0.5  mm  thick  layer.  (This  was  the  thinnest  butanol 
layer  that  could  be  investigated  since  this  is  the  order  of  magni¬ 
tude  of  the  imperfections  in  the  trays).  This  is  not  considered 
definite  proof  that  oscillation  of  the  precursor  causes  the  film 
break-up  since  the  alcohol,  butanol,  differs  significantly  in  its 
physical  properties  from  the  hydrocarbon,  decane. 

The  second,  and  more  likely,  cause  of  the  break  up  of 
the  film  is  surface  tension  forces.  In  an  analogous  experiment  in 
which  a  heated  piece  of  metal  was  brought  in  close  proximity  to 
the  surface  of  a  thin  film  of  n-decane,  the  film  spontaneously 
parted  beneath  the  heated  metal.  Again,  no  conclusive  evidence  has 
been  gathered  to  support  the  hypothesis  of  surface  tension  induced 
film  break  up,  but  the  experiment  does  show  that  the  fuel  layer 
will  spontaneously  break  up  without  the  oscillating  forces  of  the 
precursor  flame. 
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lb)  Experiments  with  fuel  layers  greater  than  2mm  deep. 

A  2mm  depth  of  n-decane  at  23°C  does  support  a  propa¬ 
gating  flame,  the  flame  spreading  rate  being  2.12  +  0.1  cm/sec. 

As  the  depth  of  n-decane  is  increased  the  spreading  rate  rises 
steadily  and  tends  to  a  maximum  value  of  6.5  +  0.2  cm/sec  in  decane 
depths  greater  than  25mm. 

In  the  preliminary  conceptual  thinking  ^  the 
propagation  velocity  wa3  related  to  the  velocity  of  the  fuel  sur¬ 
face,  the  motion  of  which  was  induced  either  by  surface  tension 
of  buoyancy  forces.  It  is  shown  elsewhere  in  this  report  (see 
Section  ]£  C  )  that  for  thin  films  corresponding  to  low  Reynold's 
number  in  the  flowing  liquid  that  in  the  case  of  surface  tension 
induced  flow,  the  surface  velocity  is  proportional  to  the  ratio 
O'  li/  fx  where  O’  is  the  surface  tension  gradient,  L  is  a 
critical  dimension4 (in  this  case,  the  fuel  thickness)  and  the 
viscosity  of  the  liquid.  ' 

For  large  fuel  depths  (large  Reynold's  number),  it 
would  be  expected  that  the  flow  becomes  boundary  layer  in  char¬ 
acter.  This  boundary  layer  flow  was  indeed  observed  in  experi¬ 
ments  in  which  the  120  x  15  x  2.5  cm  pyrex  tray  was  filled  with 
n-decane  to  a  depth  of  18.8  mm  and  backlighted.  After  the  fuel 
was  ignited  and  steady  flame  spreading  had  begun,  surface  flows 
were  observed  to  extend  approximately  8  cm  ahead  of  the  precursor 
flame. 


The  first  point  of  movement  (a  stagnation  point)  appears 
as  a  leading  edge  for  the  growth  of  a  boundary-layer  type  structure 
within  the  fuel  (see  Figure  15).  For  about  5cm  the  layer  grew  in 
what  appeared  to  be  a  laminar  fashion,  but  just  beneath  the  lead¬ 
ing  edge  of  the  precursor  flame  a  circulating  zone  about  1cm  in 
size  developed.  This  "eddy"  decays  in  depth  until  below  the  fully 
developed  flame  there  was  a  stratified  flow  0.5  cm  in  depth. 

The  surface  tension  induced  boundary  layer  flow  prob¬ 
lem  is  more  difficult  to  treat  analytically.  One  can  estimate, 
however,  the  trend  of  the  surface  velocity  with  increasing  fuel 
depth  by  assuming  that  the  critical  dimension  in  the  induced 
velocity  expression  given  above  can  be  replaced  with  the  Blasius 
expression  for  the  laminar  boundary  layer.  This  estimate  indicates 
that  the  surface  velocity  should  be  independent  of  fuel  depth  for 
a  fully  developed  boundary  layer.  A  thin  film  calculation  gives 
the  surface  velocity  as  a  function  of  the  fuel  thickness  to  the 
first  power  and  the  data  in  Figure  14  show  such  a  trend.  Above 
15mm  deep  layer  the  flame  spreading  velocity  tends  to  an  asymptote 
and  indicates  that  a  boundary  layer  flow  has  developed. 


Other  experiments,  using  the  Hydrogen  Bubble  tech¬ 
nique  have  been  developed  to  investigate  the  flows  in  a  quanti¬ 
tative  manner.  (See  Section  E). 

4.  Flash/Fire  Point  Changes  -  Flame  spreading  velocity  a3  a 
function  of  temperature  for  different  fuels 


The  majority  of  the  tests  so  far  described  were  with  the 
hydrocarbon  fuel,  n-deeane  (kerosene,  dipentene  and  n-butanol  were 
used  to  a  lesser  extent),  and  have  attempted  the  independent  vari¬ 
ation  of  one  parameter  at  a  time.  Of  great  practical  importance, 
however,  is  how  the  flame  spreading  characteristics  change  from 
one  fuel  to  another.  In  the  last  few  weeks  of  the  contract  period 
it  was  decided  to  measure  the  flame  spreading  velocity  of  a  range 
of  fuels  as  a  function  of  the  bulk  temperature.  Because  of  the 
multiplicity  of  changes  in  the  physical  properties  in  going  from 
fuel  to  fuel  it  was  considered  that  only  the  most  simplistic 
correlations  of  Vp  could  be  made  in  the  time  available.  [Thi3  type 
of  study  was  felt* to  be  more  fruitful  than  the  originally  projected 
tests  of  adding  various  percentages  of  a  fuel  with  different  flam¬ 
mability  characteristics  to  the  original  fuel,  n-decane]. 

Four  hydrocarbon  fuels  were  chosen,  n-decane,  C^0H  * 
n-dodecane,  C^2a26!  n~tetradecane,  C14H3Q  and  n-hexadecane, 

These  fuels  were  chosen  partly  for  economic  reasons  (the  odd  number 
hydrocarbons  C13H28'  C15H32  cost  twenty  times  those  chosen) 

but  more  importantly  because  they  give  a  wide  range  of  flash  points 
(56°C  to  146°C)  and  the  physical  properties  of  all  fuels  are  very 
similar  at  their  flash  point  (see  Section  F.l).  To  this  list  was 
added  dipentene  and  p-cymene  which  differ  significantly  in  their 
physical  properties  from  the  straight  chain  hydrocarbons. 

All  runs  were  conducted  in  the  standard  tray  using  4  mm 
depth  of  fuel  floated  on  a  14.8  mm  deep  water  layer.  The  results 
are  shown  in  Figure  16  as  a  plot  of  Vp  versus  the  bulk  temperature 
of  the  fuel,  T  .  * 

The  most  simple  minded  approach  of  all  is  to  assume  that 
the  physical  properties  of  all  the  fuels  are  equal  and  to  equate 
the  flame  spreading  velocity  to  the  amount  of  heat  required  to  raise 
the  temperature  of  the  fuel  from  the  initial  bulk  temperature  to  the 
flash  point.  Figure  17  illustrates  a  plot  of  Vp  as  a  function  of 
(TFt  -  Tt ) .  The  straight  chain  hydrocarbon  fuels  all  lie  on  one  curve 
within  the  experimental  error.  The  results  for  dipentene  however  are 
significantly  faster  than  the  hydrocarbon  values.  This  discrepancy 
was  postulated  to  be  due  to  the  lower  heat  capacity  of  dipentene 
liquid;  however,  no  literature  value  for  this  property  could  be  found. 
The  available  heat  capacity  data  for  liquid  fuels  were  surveyed  and 
p-cymene  was  chosen  as  a  suitable  fuel  with  a  relatively  low  heat 
capacity  (C  for  p-cymene  is  approximately  0.45  cal/g  deg  C  over  the 
temperatureprange  of  interest,  in  contrast  to  the  typical  value  of 
0.55  cal/g  deg  C  for  straight  chain  hydrocarbons).  The  value  of  the 
flash  and  fire  points  for  p-cymene  were  measured  as  56  and  62  °C  re¬ 
spectively  (identical  to  the  values  for  pure  n-decane).  As  was 


-33- 


predicted,  the  flame  spreading  velocity  of  p-cymene  (3.97  cm/sec) 
was  significantly  higher  than  for  n-decane  (2.97  cm/sec),  and  lay 
well  above  the  correlation  curve  of  V«  against  T  (see  Figure  17). 
Qualitatively,  the  importance  of  the  heat  capacity  of  the  liquid 
fuel  was  therefore  demonstrated.  Unfortunately,  time  did  not  per¬ 
mit  quantitative  correlations  to  be  made,  but  these  tests  did  in¬ 
dicate  the  important  possibility  of  predicting  flame  spreading 
velocities  from  the  physical  properties  of  the  fuel  (flash  point, 
heat  capacity  and  density). 

E.  Direct  Quantitative  Investigation  of  the  Flow  Patterns 

in  the  Liquid  Fuel  During  Flame  Spreading 

1.  Preliminary  Studies 

There  are  many  methods  available  for  measuring  velocities 
in  fluids.  One  of  the  simplest  methods  is  to  disperse  neutral  den¬ 
sity  particles  in  the  fluid  and  photographically  observe  the  par¬ 
ticle  tracks.  To  use  neutral  density  particles,  however,  it  is 
necessary  to  intersperse  the  particles  in  the  fuel  by  agitating  the 
liquid.  Herein  lies  the  problem  in  using  this  method  to  study  the 
flow  patterns  in  liquid  fuels  during  flame  spreading.  The  density 
of  most  liquid  fuels  is  low  (0.7  to  0.8  g/cc)  and  the  lower  the  den¬ 
sity  of  the  fluid  then  the  more  difficult  it  becomes  to  obtain  par¬ 
ticles  which  have  a  truly  neutral  density.  The  settling  velocity 
of  most  particles  is  therefore  high  and  it  becomes  necessary  to  agi¬ 
tate  the  fluid  to  suspend  the  particles  just  prior  to  flame  spread¬ 
ing.  This  wa3  found  to  be  totally  unsuitable  since  to  get  an  ac¬ 
curate  picture  of  the  flow  patterns  due  to  flame  spreading,  the  fuel 
must  be  completely  quiescent. 

The  second  method  investigated  was  that  of  dye  injection, 
where  the  movement  of  a  dye  stream,  which  is  injected  into  the  fluid, 
i3  recorded  photographically.  This  method  runs  into  much  the  same 
difficulty  as  the  first  method.  Since  the  flows  due  to  flame  spread¬ 
ing  are  relatively  slow  it  is  difficult  to  inject  the  dye  with  a  slow 
enough  imposed  velocity  that  it  does  not  significantly  perturb  the 
velocities  that  are  of  interest.  Dyes  also  diffuse  very  rapidly  mak¬ 
ing  accurate  measurements  at  various  depths  in  the  fuel  almost  im¬ 
possible. 


Optical  methods  (shadowgraph,  Schlieren  or  interferometry) 
were  originally  thought  to  be  the  most  probable  method  of  obtaining 
an  accurate  quantitative  measure  of  the  velocity  (and  simultaneously 
temperature)  profiles  in  the  liquid  fuel  during  flame  spreading.  The 
shadowgraph  method  was  tried  first  since  it  is  the  least  sensitive  cf 
the  three  and  it  is  the  easiest  to  set  up.  It  was  found,  however, 
that  the  width  of  the  tray  (15  cm)  necessary  to  perform  flame  spread¬ 
ing  experiments  and  the  integrated  path  effect  which  is  inherent 
with  any  optical  method  were  incompatible  and  produced  obliterated 
images.  Thus,  although  the  gross  flow  characteristics  ccv’ld  be  ob¬ 
served  (these  were  described  briefly  in  Section  D.3,  see  Figure  15), 
it  was  impossible  to  discern  the  fine  structure  of  the  convective 
motions  or  to  make  quantitative  measurements. 


-34 


At  this  point  in  the  preliminary  studies,  all  the  classi¬ 
cal  methods  of  measuring  velocities  in  liquids  had  been  investi¬ 
gated  and  all  had  been  found  inappropriate  to  even  semi-quantitative 
studies  of  flame  induced  convection  currents.  Our  attention  was  then 
drawn*  to  another  method,  the  hydrogen-bubble  technique,  which  had 
been  used  with  some  success  in  water  tunnel  flow  studies.  Prelimin¬ 
ary  experimentation  demonstrated  that  this  method,  although  only  pre- 
viouTly  used  for  flows  as  slow  as  16  cm/sec,  held  promise  of  being 
adaptable  to  the  purpose  of  studying  flame  spreading  (velocities  of 
the  order  of  1  cm/sec). 

2 .  The  hydrogen-bubble  technique 

The  principle  of  this  method  is  to  apply  an  electrical 
potential  across  an  electrolytic  liquid  such  that  the  liquid  is 
electrolyzed  and  gas  bubbles  are  generated  at  the  electrodes.  If 
one  of  the  electrodes  takes  the  shape  of  a  very  fine  wire  which  ex¬ 
tends  vertically  from  the  bottom  of  the  liquid  to  the  top,  the  bubbles 
which  are  generated  are  very  small  and  they  follow  the  flow  lines  in 
the  fluid.  Moreover,  if  the  electrical  potential  is  pulsed,  the 
bubbles  form  discrete  rows  and  velocities  can  easily  be  obtained  from 
the  spacing  of  the  rows. 

This  method  has  previously  been  used  with  water  as  the 
electrolytic  fluid  and  thus  hydrogen  bubbles  are  generated  at  the 
cathode  and  oxygen  bubbles  at  the  anode,  since  two  hydrogen  are  pro¬ 
duced  for  every  one  oxygen,  the  cathode  is  always  used  as  the  test 
electrode  and,  hence,  the  naaie,  "Hydrogen-Bubble  Technique". 

As  was  mentioned  earlier,  this  meti.od  had  previously  been 
used  to  study  flow  patterns  over  airfoils  in  the  velocity  regime 
about  60  cm/sec  (2  ft/sec).  The  technique  had  also  been  extended 
to  higher  velocities  (700  cm/sec)  and  lower  velocities  (16  cm/sec). 

This  application  required  the  method  to  work  in  the  0-2  cm/sec 
velocity  range.  There  were  two  questions  to  be  answered  to  prove  the 
usefulness  of  the  method. 

(i)  Does  the  hydrogen-bubble  technique  work  in 
the  0-2  cm/sec  velocity  range? 

(ii)  can  a  liquid  be  found  which  will  propagate 

a  flame  (i.e.,  a  fuel  below  its  flash  point) 
and  also  electrolyse? 

The  first  question  was  answered  by  a  series  of  experiments 
in  water.  The  mechanism  of  flame  spreading  has  been  related  to  sur¬ 
face  tension  gradients  in  .he  liquid  fuel.'10)  It  has  long  been  known, 
however,  that  when  a  drop  of  detergent  is  added  to  water  the  surface 
tension  is  altered  locally  and  flows  are  induced.  (These  induced 
flows  can  easily  be  demonstrated  by  adding  talcum  powder  to  the  water 
surface).  Thus,  assuming  the  surface  tension  induced  flow  model  of 


★ 

We  thank  D.  R.  Hardesty  for  this  suggestion  and  Professor  G.  E. 
Mattingly  for  many  discussions  which  were  helpful  in  setting  up 
the  experimental  arrangement. 
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flame  spreading  to  be  correct,  the  effect  of  t'ie  flame  may  be 
"simulated"  by  addition  of  a  drop  of  detergent  to  water. 

The  water  was  contained  in  a  Pyrex  tray  (120  cm  long  by 
15  cm  wide  by  2.5  cm  deep).  A  0.0004"  diameter  platinum  -  13% 
rhodium  wire  was  supported  vertically  in  the  water  with  a  bracket, 
and  served  as  the  cathode.  A  copper  plate  was  used  for  the  anode 
and  these  were  connected  by  a  pulse-generator.  (A  schematic  of  the 
apparatus  is  given  in  Figure  18,  and  a  photograph  of  a  general  view 
of  the  equipment  is  shown  in  Figure  19).  When  a  drop  of  detergent 
was  added  to  the  water  at  one  end  of  the  Pyrex  tray,  flow  patterns 
were  established  and  these  set  up  bubble  patterns  which  could  be 
photographed.  Figure  20  shows  a  representative  experiment,  in  which 
the  drop  of  detergent  was  added  to  the  water  at  the  left  hand  side. 
Notice  the  left  to  right  flow  near  tne  water  surface  and  the  return 
flow  deeper  in  the  liquid. 

Many  experiments  of  this  type  showed  the  applicability  of 
the  hydrogen  bubble  technique  to  flame  spreading  studies.  Further 
preliminary  studies  were  carried  out  using  an  infrared  lamp  as  a 
source  of  heat  to  simulate  the  flame  and  similar  flow  patterns  were 
obtained . 

Although  quantitative  analysis  of  these  preliminary  runs 
was  not  made,  qualitatively  the  velocity  profiles  are  in  good  agree¬ 
ment  with  the  Glassman-Sirignano  surface  tension  induced  flow  model 
(see  section H  C ,  Figure  1  ). 

The  research  for  an  electrolytic  fuel  was  more  involved. 

The  most  likely  fuels  to  electrolyse  were  the  alcohols  and  the  car¬ 
boxylic  acids.  Butanol  and  butyric  acid  were  tried,  but  neither 
would  electrolyse  at  the  potentials  available.  After  considerable 
testing  a  solution  of  dilute  hydrochloric  acid  in  butanol  was  found 
to  both  burn  and  electrolyse.  The  combustion  characteristics  of 
this  mixed  fuel  were  similar  to  pure  butanol,  preliminary  flame 
spreading  experiments  with  hydrochloric  acid/butanol  mixture  indi¬ 
cated  it  was  feasible  to  study  the  sub-surface  flow  patterns  in  the 
presence  of  a  spreading  flame. 

The  hydrogen-bubble  technique  has  the  advantage  over  other 
methods  in  that  specific  locations  in  the  fuel  can  be  studied  be¬ 
cause  the  flow  of  bubbles  is  essentially  confined  to  one  plane  paral¬ 
lel  to  the  side  of  the  fuel  container.  Thus,  there  is  no  integrated 
path  effect  which  is  inherent  in  optical  methods. 

The  feasibility  of  the  method  having  been  proved,  it  re¬ 
mained  to  develop  and  refine  method  to  obtain  quantitative  results. 
The  technique  has  been  dogged  with  problems,  but  all  have  been  of  a 
technologic  nature  and  have  been  overcome.  For  example,  in  order  to 
have  hydrogen  bubbles  with  a  low  rising  velocity,  the  bubbles  must 
be  very  small  necessitating  the  use  of  very  thin  cathode  wires 
(ca  0.0004"  diameter).  This  cathode  wire  is  very  fragile  and  prone 
to  breaking.  However,  after  modifying  the  cathode  bracket  holder 
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three  times  this  problem  was  eliminated ,  After  three  months  of 
trouble-shooting  the  technique  was  refined  to  such  an  extent  where 
quantitative  measurements  were  available  via  movie  photography. 

The  first  results  were  obtained  almost  at  the  end  of  the  contract 
period  and  at  the  time  of  writing  quantitative  results  were  not 
available.  However,  a  movie  film  analyser  has  been  borrowed  which 
permits  a  frame-by-frame  analysis  to  be  punched  out  on  I.B.M.  cards 
and  a  computer  program  has  been  written  and  the  data  should  be  forth¬ 
coming  in  the  near  future.  Figure  21  shows  a  representative  bubble 
profile  frame  from  the  movie  film. 

F.  Measurement  of  the  Physical  Properties  of  the  Fuels 

Although  the  physical  properties  of  straight  chain  hydro¬ 
carbon  fuels  are  well  documented'11'  '12',  wa3  considered  highly 
desirable  to  have  the  capability  of  measuring  the  physical  proper¬ 
ties  for  two  reasons;  firstly,  some  of  the  fuels  which  have  been 
investigated,  e.g.,  dipentene,  are  more  exotic  and  the  documentation 
of  their  properties  is  far  from  complete.  Secondly,  and  more  impor¬ 
tantly,  it  was  intended  to  add  thickening  agents  and  surface  tension 
agents  to  the  fuels  and  it  was  important  to  measure  the  properties 
of  these  fuels  with  additives. 

The  vast  majority  of  the  flame  spreading  tests  were  with 
n-decane  hence  the  physical  property  measurements  have  centered  on 
those  of  n-decane  and  n-decane  with  additives.  The  properties  of 
other  fuels  were  measured  in  a  non-systematic  manner. 

1.  Flash  and  Fire  Points 


There  are  two  different  procedures  for  measuring  flash 
points;  the  closed  cup  method  in  which  the  liquid  fuel  is  totally 
enclosed  with  a  known  amount  of  air  and  the  open-cup  flash  point  in 
which  there  is  a  free  surface  of  fuel  in  contact  with  the  atmosphere. 
The  open  cup  flash  point  vhich  is  higher  than  the  closed  cup  flash 
point  by  about  10°C,  was  chosen  as  more  applicable  to  the  flame 
spreading  experiments. 

Two  flash  testers  have  been  used,  the  first,  the  TAG 
Open  Flash  Point  Tester  (Fisher  Scientific  Co.)  which  is  designated 
for  use  with  fuels  whose  flash  point  is  below  79°C  and,  the  second, 
the  CLEVELAND  open  cup,  ("Precision",  Scientific  Glass  Apparatus  Co.) 
which  is  designated  for  use  with  fuels  whose  flash  point  is  above 
79°C.  Both  of  these  instruments  have  A.S.T.M.  designations (13)  (14). 
The  fire  point  can  also  be  measured  using  these  instruments,  but  it 
is  less  well  defined  and  is  more  difficult  to  reproduce  from  labora¬ 
tory  to  laboratory. 

The  procedures  for  measuring  flash  and  fire  points  followed 
the  appropriate  A.S.T.M.  designation  exactly,  a  preliminary  run  being 
used  to  determine  the  correct  flash  tester.  The  tag  teste.,  was  cali¬ 
brated  using  p-xylene  and  found  to  have  a  correction  factor  of  +  1°C. 
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The  flash  point  of  n-decane  was  measured  to  be  56°C  with 
a  reproducibility  of  less  than  1°C  (well  within  the  A.S.T.M.  desig¬ 
nation).  No  literature  value  of  the  open  cup  flash  point  for  n-decane 
could  be  found  in  the  literature  although  the  closed  cup  flash  point 
was  listed  as  115°F  or  46°c(15).  The  fire  point  of  pure  n-decane 
wa3  measured  as  62°C. 

Decane  thickened  with  Vistanex  MM  L-140  to  a  viscosity 
of  60  centipoise  (approx.  2%  addition  of  thickener)  had  identical 
flash  and  fire  points  to  pure  decane  with  a  reproducibility  again 
of  less  than  1°C. 

Addition  of  1.5%  of  the  surfactant  FC-176  did  not  alter 
the  flash  or  fire  points,  but  the  reproducibility  was  somewhat  worse 
at  3°C. 

The  values  of  the  flash  and  fire  points  of  the  other  fuels 
are  given  in  Table  3. 

2.  Viscosity  Measurements 

There  are  a  number  of  different  methods  available  for 
measuring  the  absolute  viscosity  (  )  and  the  dynamic  viscosity 

(-»  ).  The  measurement  of  viscosity  is  governed  by  an  A.S.T.M. 
designation  (Number  D445). 

In  the  preliminary  experiments  (see  section  A)  a  Falling 
Ball  Viscosimeter  was  used.  This  instrument  was  found  not  to  have 
the  required  degree  of  accuracy  (readings  are  high  in  the  low  vis¬ 
cosity  region  and  low  in  the  high  viscosity  region)  and  the  use  of 
this  instrument  was  discontinued. 

Accurate  viscosity  measurements  were  made  with  A.S.T.M. 
approved  and  calibrated  UBBELOHDE  VISCOSIMETER  TUBES  (Scientific 
Glass  Apparatus  Co.,  Catalog  Number  V-7050).  This  method  was  chosen 
because  of  the  ease  of  operation  in  a  constant-temperature  water 
bath  thus  permitting  the  measurement  of  viscosity  over  a  range  of 
temperature. 

The  viscosity  data  for  pure  n-decane  (research  grade)  and 
for  thickened  n-decane  (2%  Vistanex  MM  L-140  added)  are  shown  in 
Figure  22.  The  results  for  pure  n-decane  are  in  good  agreement  with 
the  literature  values. 

The  addition  of  the  surface  tension  agent  FC-176  in  1.5% 
proportions  did  not  alter  the  viscosity  of  n-decane. 

3 .  Surface  Tension  Measurements 

Surface  tension  measurements  were  made  using  a  CAPILLARY 
RISE  INSTRUMENT  (Fisher  Scientific  Co.;  Catalog  Number  14-817).  All 
capillaries  were  rigorously  cleaned  in  chromic  acid  and  were  cali¬ 
brated  using  liquids  of  known  surface  tension  (acetone,  hexane, 
methanol  and  carbon  tetrachloride). 
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Table  3 

Measured  Values  of  the  Open  Cup  Flash  and 
Fire  Points  of  Selected  Fuels 


Fuel 

★ 

Flash  Point 
(°C) 

Fire  point 

(°c) 

n-Nonane 

44 

44 

n-Decane 

56 *  ** 

62 

n-Dodecane 

86-88 

95 

n-Tetradecane 

116 

124 

n-Hexadecane 

146** 

152 

Dipentene 

56 

62 

p-Cymene 

56 

62 

Butanol 

29 

29 

*  All  values  are  the  mean  of  at  least  three  determinations. 

**  The  values  of  the  flash  point  of  these  fuels  was  somewhat 
variable  and  in  some  cases  the  flash  point  co-incided  with 
the  quoted  value  of  the  fire  point. 
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The  surface  tension  of  pure  n-decane  (viscosity  0.92 
centipoise  at  20°C)  and  thickened  n-decane  (2%  addition  of  Vis- 
tanex  MM  L-140,  viscosity  64.8  centipose  at  20°C)  were  measured 
at  20,  30,  40  and  50°C.  The  data  (each  point  represents  the  mean 
of  at  least  three  trials)  are  shown  in  Figure  23.  These  results 
confirm  that  additions  of  Vistanex  does  not  alter  either  the  ab¬ 
solute  value  of  the  surface  tension  or  the  gradient  of  surface 
tension  with  respect  to  temperature. 

One  of  the  most  important  aspects  of  the  surface  tension 
measurements  was  the  search  for  a  compound  whiqh.  alters  the  sur¬ 
face  tension  (  CT  )  and  hopefully  the  gradient  of  the 

fuels  and  in  particular  n-decane.  This  is  a  difficult  proposition 
since  the  surface  tension  of  pure  hydrocarbons  is  already  low  and 
it  is  difficult  to  find  a  surface  agent  which  will  reduce  further. 
Twelve  chemicals  (AROMOX  C/12-50%,  AROMOX  DMC-40%,  AROMOX  DMHT-40%, 
AROMOX  18/12-50%,  ETHOMEEN  C/12,  ETHOMEEN  T/12,  ETHOMEEN  18/12, 

ARQUAD  ZC-75,  ARQUAD  ZHT-75,  ARQUAD  ZS-75,  KESSCO  ISOPROPYLMYRISTRATE 
&  KESSCO  ISOPROPYLPALMITATE )  were  supplied  by  the  Armour  Industrial 
Chemical  Co.  for  preliminary  trials.  Addition  of  these  compounds  in 
1%  proportions  had  no  measurable  influence  on  the  surface  tension  of 
n-decane. 


In  the  continuing  search  the  FLUORAD  brand  of  compounds 
(manufactured  by  the  3M  Company)  wa3  brought  to  our  attention. 

These  are  fluorochemical  surfactants  and  the  specification  made  them 
appear  to  be  ideally  suited  to  our  purpose.  The  compound  designated 
FC-176  was  chosen  because  of  its  stated  solubility  in  the  hydro¬ 
carbon,  heptane. 

Addition  of  about  1.3%  of  FC-176  reduced  the  surface  ten¬ 
sion  of  n-decane  from  24  dynes/cm  to  lg^dynes/cm  at  a  temperature 
of  20°C.  Moreover,  FC-176  altered  the  ^><S/PT~  of  n-decane  from 
0.09  dynes/cm  °C  to  approximately  0  dynes/cm°C.  These  results  are 
shown  in  Figure  24. 

FC-176  did  not  alter  the  viscosity  of  n-decane. 

The  exact  nature  of  the  effect  of  FC-176  on  the  surface 
tension  is  not  clear  at  the  moment  and  more  work  is  necessary.  Two 
experimental  points  were  disturbing.  Firstly,  it  was  very  difficult 
to  obtain  reproducible  surface  tension  data  with  a  solution  of  FC-176 
in  decane,  (This  difficulty  is  reflected  in  the  experimental  error 
bars  in  Figure  24).  Secondly,  after  the  capillaries  had  been  in  con¬ 
tact  with  solutions  of  FC-176  it  was  not  possible  to  reproduce  the 
value  of  24  dynes/cm  for  pure  n-decane  even  after  the  most  rigorous 
cleaning  procedure  (hot  potassium  hydroxide  solution  followed  by 
chromic  acid).  It  appeared  that  F-176  left  a  film  inside  the  capil¬ 
lary  which  was  impossible  to  remove.  This  raises  the  interesting 
question  -  does  FC-176  dissolve  in  n-decane,  or  does  it  form  a  micro¬ 
scopic  surface  layer?  This  question,  as  yet  unresolved,  has  important 
consequences  in  the  flame  spreading  experiments  with  decane  and  FC-176. 
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4.  Vapor  Pressure  Measurements 

The  stat^-c  isoteniscope  method  of  the  Smith  and  Menzies 
type'  '  was  selected  to  measure  the  vapor  pressure  of  the  fuels, 
in  particular  the  pure  n-decane  and  the  thickened  n-decane. 

The  data  for  n-decane  and  n-decane  with  various  amounts 
of  added  Vistanex  MM  L-140  are  shown  in  Figure  25.  The  data 
scatter  amounts  to  about  ±  10%  which  is  much  larger  than  desirable. 
Part  of  this  may  be  due  to  the  difficulty  in  removing  dissolved  air 
from  the  decane  sample  especially  when  it  is  thickened  with  Vistanex. 
However,  this  data  indicates  that  the  vapor  pressure  of  thickened 
decane  does  not  differ  from  that  of  pure  n-decane  in  a  consistent 
manner.  This  is  in  agreement  with  the  flash  point  measurements, 
since  if  there  were  any  significant  change  in  the  vapor  pressure  on 
adding  Vistanex  this  would  m.  nifest  itself  in  a  change  in  the  flash 
point. 


5 .  Density  Measurements 

For  completeness  the  densities  of  pure  n-decane  and 
thickened  n-decane  were  measured  using  pykncmeters  (Scientific 
Glass  Apparatus  Co.;  Catalog  Number  JB-2530/10).  The  density  of 
n-decane  was  measured  as  0.7278  g/cc  at  25°C  'in  good  agreement  with 
the  literature  value  of  0.7300  at  20°C)  whereas  the  density  of 
n-decane  thickened  with  2%  addition  of  Vistanex  was  measured  at 
0.7699  g/cc  at  25°C  (i.e.,  a  0.4%  increase). 
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^  SCHEMATIC  OF  THE  FLAME  SPREADING  RATE  AS  A 

FUNCTION  OF  THE  BULK  TEMPERATURE  OF  THE  FUEL 


(Tp,^  is  the  flash  point,  is  the  fire  point,  TLst 

is  the  temperature  of  the  fuel  which  creates  a  stoichio¬ 


metric  mixture  somewhere  above  the  surface). 
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FLAME  SPREADING  APPARATUS 


POSITION  OF  FLAME  FRONT 


TIME  [see] 

§  THE  POSITION  OF  THE  LEADING  EDGE  OF  THE 

v  FLAME  AS  A  FUNCTION  OF  TIME. 

£ 

k  (Conditions:  4  mm  depth  of  n-decane  floated  on  14.8  mm 

of  water  in  the  240  x  19.5  x  2.5  cm  tray  lined  with 
glass  inside  the  long  walls;  initial  temperature  of 
fuel  =  23.0  +  0.1°C). 
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(Conditions:  4  mm  depth  of  n-decane  floated  on  14.8  mm 
"  depth  of  water  in  the  120  x  .15  x  2.5  cm  aluminum  tray). 
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FLAME  SPREADING  VELOCITY  OF  DIPENTENE  AS  A 
FUNCTION  OF  THE  HEIGHT  OF  THE  TRAY  RIM  ABOVE 
THE  LIQUID  LEVEL  (THE  FREE  BOARD  HEIGHT). 

[Conditions-.  4  mm  depth  of  dipentene  floated  on  14.8mm 
of  water  in  trays  120  cm  long  by  15  cm  wide?  O  aluminum 
tray,  #  aluminum  tray  lined  with  19  mm  wide  plate-glass 
inside  the  entire  long  wall,  O  aluminum  tray  lined  with 
19  mm  wide  plate-glass  inside  the  central  4$  cm  of  the 
length,  u  aluminum  tray  lined  with  13  mm  wide  plate- 
glass  inside  the  entire  length  such  that  the  glass  ob¬ 
scures  the  aluminum  only,  □  pyrex  tr^y  with  6.3  mm  free 
board  height] . 
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(Conditions:  4  mm  depth  of  n-decane  floated  on  14.8  mm  depth  of 

water  in  trays  19.5  cm  wide  by  2.5  cm  deep  lined  with  glass  in¬ 
side  the  long  wall;  initial  temperature  of  fuel  =  23.0  _+  0.1  C. 
O  indicates  cinematographic  runs). 
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FLAME  SPREADING  VELOCITY  OF  n-DECANE 
AS  A  FUNCTION  OF  THE  DEPTH  OF  THE  FUEL  LAYER 
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Part  II.  Theoretical  Studies:  Ignition  by  a  Hot  Projectile  and 

Flame  Spreading  Over  Liquid  Fuel  Surfaces  (0.  P.  Sharmd 

and  W.  A.  Sirignano) 

This  work  is  described  under  the  following  three  main  headings: 

A.  Ignition  by  a  Hot  Projectile. 

B.  Ignition  of  Unmixed  Fuel  and  Oxidizer  by  a  Hot  Inert  Gas. 

C.  Flame  Spreading  Over  Liquid  Fuel  Surfaces. 

Each  section  consists  of  its  own  sequence  of  numbers  for 
the  equations,  the  figures  and  the  references.  Section  A  is  further 
divided  into  four  sub-sections;  namely,  A-I.  Stagnation  Point  Flow, 
A-II .  Flow  on  the  Cylindrical  Surface,  A-III.  The  Wake  Flow,  and 
A- IV.  General  Discussion  and  Empirical  Correlations.  Section  C 
consists  of  two  parts;  c-I,  deals  with  shallow  pools  while  C-II. 
is  concerned  with  the  analysis  of  deep  pools  of  liquid  fuel. 

A.  Ignition  By  a  Hot  Projectile. 

The  physical  mechanism  of  ignition  of  a  combustible  air- 
fuel  mixture  by  a  hot  projectile  of  moderate  speeds  is  relatively 
simple  and  may  be  described  as  follows.  The  temperature  of  the  fluid 
elements  which  come  in  contact  with  the  hot  surface  of  the  projec¬ 
tile  rises  due  to  conduction  and  convection  of  heat.  The  chemical 
reaction  is,  therefore,  accelerated,  and  more  heat  is  released  in 
the  gaseous  phase  which  further  raises  its  temperature.  When  the 
amount  of  heat  evolved  is  sufficient  to  sustain  the  chemical  re¬ 
action  without  relying  upon  heat  from  the  projectile,  it  will  be 
said  that  ignition  has  occurred.  In  other  words,  the  zero  heat 
transfer  condition  at  the  (non-catalytic)  surface  of  the  projectile 
was  used  as  the  ignition  criterion. 

The  heat  exchange  as  well  as  the  chemical  reaction  take 
place  within  the  boundary  layer  surrounding  the  projectile.  In 
order  to  circumvent  the  numerical  complexities  associated  with  the 
solution  of  unsteady  boundary  layer  flows,  the  velocity  and  the  tem¬ 
perature  of  the  projectile  were  assumed  to  remain  steady.  We  ob¬ 
tained  some  interesting  parameters  of  the  problem  (like  the  tempera¬ 
ture  or  the  length  of  the  projectile)  by  solving  steady  boundary 
layer  equations  when  the  chemical  time  was  shorter  than  the  charac¬ 
teristic  flow  time.  The  projectile  was  assumed  to  be  a  blunt-nosed 
body  with  a  cylindrical  aft-body  (see  Fig.  1).  The  problem  was 
analyzed  by  considering  independently  three  flow  regimes,  the  lead¬ 
ing  stagnation  point  region  l1',  the  flow  on  the  cylindrical  surface  l2', 
and  the  wake. The  details  of  the  analyses  in  each  flow  regime  are 
described  below  under  separate  headings. 

There  is  an  extensive  literature  concerning  the  ignition  of 
explosive  gases  by  heated  surfaces  in  which  the  systems  considered 
are  static  or  in  a  low  velocity  regime  associated  with  natural  con¬ 
vection.  The  ignition  of  inflammable  gases  by  hot  moving  parti¬ 
cles  as  well  as  the  ignition  of  high  velocity  streams  of  combus¬ 
tible  gases  by  heated  cylindrical  rods^4)  has  also  been  studied 
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experimentally .  There  are  also  some  attempts  to  correlate  the  ex¬ 
perimental  data  in  terms  of  the  influence  of  rod  diameter,  rod 
temperature,  free  flow  velocity,  etc. We  have  not  come  across 
any  experimental  investigation  of  the  ignition  problems  restricted 
to  the  stagnation  region  of  a  hot  body.  Moreover,  some  attempts 
at  correlating  other  experimental  data  to  the  present  analysis  were 
not  successful  either  due  to  the  lack  of  kinetics  data  or  due  to 
the  absence  of  some  other  parameters  like  the  mass  fraction  of  the 
combustible  component  of  the  mixture  at  ignition  point. 

A-I.  Stagnation  Point  Flow 


In  this  regime,  the  problem  is  to  determine  the  critical 
surface  temperature  at  which  zero  heat  transfer  occurs.  We  are 
dealing  here  with  four  time  scales:  namely,  the  characteristic 
flow  time,  the  chemical  reaction  time,  the  diffusion  time,  and 
the  heat  conduction  time.  This  led  us  to  three  non-dimensional 
quantities  described  by  Pr,  Sc,  and  Dn  (see  Section  A-I-l).  We 
performed  calculations  for  different  values  of  Pr,  Sc,  and  Dn. 

Chambre ^  studied  analytically  the  ignition  of  a  planar 
stagnation  flow.  This  analysis  is  restricted  to  cases  for  which 
the  Lewis  number  (Le=Sc/Pr)  is  unity,  a  first  order  Arrhenius  rate 
law  is  valid,  and  the  quantity  (Ea/RTW)»  1,  where  Ea  represents 
the  activation  energy  for  the  reaction,  Tw  is  the  (unknown)  surface 
temperature,  and  R  is  the  universal  gas  constant.  The  last  assump¬ 
tion  is  required  in  order  to  make  the  reaction  zone  very  thin  and 
close  to  the  surface  so  that  an  estimate  of  the  temperature  grad¬ 
ient  needed  in  his  calculations  can  be  made  from  the  results  of 
earlier  non-reacting  boundary  layer  flow  calculations. 

In  the  present  study,  numerical  solutions  have  been  ob¬ 
tained  for  a  mixture  of  propane  and  air  by  assuming  a  more  realis¬ 
tic  second-order  Arrhenius  rate  law  and  a  constant  value  of  Lewis 
number.  It  is  possible,  in  principle,  to  include  more  realistic 
transport  properties  of  the  mixture  in  the  present  calculations. 

In  Section  A-I-l,  the  differential  equations  describing  the  flow 
are  discussed  and  some  simplifying  assumptions  are  given.  In 
Section  A-I-2,  we  give  the  essential  steps  of  the  numerical  scheme 
employed  for  the  solution  of  differential  equations.  Finally,  the 
various  result'  are  discussed  in  Section  A-I-3. 

A-I-l.  Governing  equations. 

The  steady  state  two-dimensional  and  axisymmetric  laminar 
boundary  layer  flow  for  a  chemically  reacting  mixture  is  described 
by  the  following  set  of  equations'77. 
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Energy 
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Ideal  gas  equation  of  state 


■)  -  -  StC*^ 


(3) 


(4) 


*  =  (f  ?«T  (5) 

The  distance  coordinates  (x,  y)  .and  the  velocity  components 
(u,  v)  are  shown  in  Figures  2a  and  2b.  R3 (x)  describes  the  curva¬ 
ture  of  the  surface  of  the  body  such  that  j=0  for  two-dimensional 
flow  and  j=l  for  axisymmetric  flow  (see  Fig.  2b).  Here 

=  S  -S/u  -V< 

T* 

and  denotes  the  static  specific  enthalpy  of  species  i.  ^  ,  T,  p, 
and  a  are  the  density,  temperature,  pressure,  and  viscosity  co¬ 
efficient  of  the  reacting  gas  mixture,  respectively.  W^,  , 

Cpi,  Vi  and  hj  denote  the  molecular  weight,  mass  fraction,  con¬ 
stant  pressure  specific  heat,  y-component  of  diffusion  velocity, 
and  the  heat  of  formation  at  the  temperature  T0  of  the  ith  species, 
respectively.  The  symbol  <5  stands  for  an  expression  of  the  heat 
flux  in  the  y-direction,  and  represents  the  mass  rate  of  for¬ 
mation  of  the  species  i  per  unit  volume. 


We  make  a  simplifying  assumption  that  the  mixture  under 
consideration  consists  of  only  three  components,  namely;  the  reactants 
(e.g.  propane  +  oxygen),  reaction  products  (e.g.  water  vapor  +  carbon 
dioxide),  and  an  inert  gas  (e.g.  nitrogen).  For  a  mixture  having  the 
reactants  and  the  reaction  products  of  nearly  the  same  molecular 
weights  and  also,  having  an  inert  gas  as  a  major  component,  it  is 
reasonable  to  neglect  the  dependence  on  the  chemical  composition  in 
equation  (5)  and,  instead,  use  a  value  of  the  molecular  weight  cor¬ 
responding  to  the  free  stream  composition  (W) .  It  is  further  assumed 
that  the  specific  heats  (at  constant  pressure)  of  different  components 
of  the  mixture  are  the  same  and  are  constant  with  temperature  changes. 

Neglecting  thermal  diffusion,  and  assuming  that  the  diffus¬ 
ion  of  reactants  can  be  described  by  Fick's  law,  we  get 


YCVC  = 
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whcre  D  denotes  the  coefficient  of  diffusion  of  the  reactive 
component  in  the  mixture.  In  view  of  our  assumptions  regarding 
c  .  the  rate  of  heat  energy  transported  across  the  streamlines  is 
expressed  as 


where  denotes  the  coefficient  of  thermal  conductivity  of  the 
mixture.  Using  Bernoulli's  law  for  the  pressure  distribution  in 
t>-e  boundary  layer, 


The  subscript  e  refers  to  the  variables  in  the  free  stream. 

Making  use  of  the  equations  (6)  and  (8)  and  other 
simplifications  mentioned  earlier,  equations  (2)  to  (5)  can  be 
rewritten  as 


Here  q  denotes  the  heat  released  due  to  the  chemical  reaction  per 
unit  mass  of  the  reactant. 

The  boundai'y  conditions  for  the  velocity,  temperature, 
and  reactant  mass  fraction  are  the  following.  At  the  surface,  both 
velocity  components  vanish  while  far  away  from  the  surface,  the 
velocity  is  given  by  the  potential  flow.  Thus, 


UCx.o)  —  —  o  v.(x  jcN  _ 
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The  free  stream  temperature  has  a  prescribed  constant  value  (Te), 
and  a  constant  surface  temperature  (T  )  is  obtained  for  the 
ignition  criterion  of  no  heat  transfer,  that  is, 

(*T|-c>'a')*=t  =  °  ,  TCx,«)  aT*  (14) 

Note  that  T  becomes  an  eigenvalue  of  the  problem  at  the  ignition 
point.  Thespecies  mass  fraction  has  a  known  constant  value  in 
the  external  flow  and,  since  there  is  no  diffusion  of  the  reactants 
into  the  surface,  we  get 


(15) 


Following  Howarth  and  Dorodnitsyn,  we  intr  duce  the  new  variables 
as  defined  below 
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The  stream  function  ^  satisfies  the  following  equations 
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(17) 
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(19) 


such  that  the  continuity  equation  (1)  is  now  automatically  satis¬ 
fied.  The  velocity  components  in  terms  of  the  new  variables  are 
given  by  the  following  expressions 
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Now,  the  boundary  layer  equations  (9)  to  (11)  assume  the  following 
forms: 


|£\ 
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Here  C  s  (¥A*>j ;  Prandtl  number.  Pr  =  (/*■■*>/'>');  Schmidt 
number,  Sc  =  {  y/D) ;  0  =  p.» (a»|u,}(A'v|«k*)and  o(s  (i*/s-s,jn1>4 <£') . 

The  magnitude  of  the  quantities  «*.  and  f£  depend  on  the  external 
flow,  it  can  be  easily  shown  that,  for  plane  stagnation  flow, 

(5>  =  1  and  =  (l/2ap);  while,  for  axisymmetric  stagnation  flow, 

P>  =  *5  and  =  (l/2af>) ,  where  a  is  defined  by  the  equation, 
ue  =  ax,  describing  ttie  external  flow  in  each  case.  Note  that 
\  now  becomes  proportional  to  and  is  in  a  direction 

normal  to  the  surface.  Assuming  that  the  coeffi'ient  of  viscosity 
varies  directly  as  the  temperature,  we  set  C  =  1.  It  is  further 
assumed  that  the  Prandtl  and  Schmidt  numbers  remain  constant.  We 
can  replace  (  ?*  |  ?  )  in  Eq.  (22)  by  0  with  the  help  of  Eq.  (12). 

The  rate  of  consumption  of  the  combustible  component  of  the  mix¬ 
ture  will  be  described  by  an  overall  single  step  second  order 
Arrhenius  rate  law,  that  is, 

cife  =  -  m  y1  rj'  (-Ec/R^e)  {25) 

where  A  is  assumed  to  be  a  known  constant  and  Ea  denotes  the  acti¬ 
vation  energy  for  the  combustion  process.  For  au  1(P  cm/sec 
and  T  ~  3  x  10^  °K,  (  )  «  1  so  that  theelast  two  terms 

in  equation  (23)  may  be  neglected.  Restricting  the  present  analysis 


79- 


in  the  neighborhood  of  a  stagnation  point,  and  after  some  re¬ 
arrangements,  equation  (22)  to  (24)  become 

9  sr-'fV 

(27) 

\<T  *+•  Sc  fYc  =  -v-  Sc  ■a* 

(28) 

The  prime  here  denotes  differentiation  with  respect  to  \  .  Y 
has  been  normalized  by  its  value  in  the  external  flow  (Y  ) .  c 
The  symbol  Q.*  stands  for  (  *V  /  -*pT«  ),  and  D  repreS^nts 

(  f*  X  t>«.  I  o-  )  for  plane  stagnation  flow  or  (  (A  ^  )  for 

axisymmetric  stagnation  flow.  The  boundary  conditions  (13),  (14), 

and  (15)  become 


= 

ii 

0 

$  (oc.)  —  1 

(29) 

e'(o) 

=  O 
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=  o  » 

(31) 

At  the  ignition  point,  we  find  that,  for  Lewis  number  (Le)  equal 
to  unity,  equation  (27)  and  (28)  can  be  suitably  combined,  and 
then  integrated  by  making  use  of  the  equation  (30)  and  (31),  such 
that 

Tc  —  1—  C  (32) 

In  this  case,  the  problem  reduces  to  the  solution  of  only  one  of 
the  equations  (27)  and  (28),  which  is  obtained  by  eliminating  Y 
between  equations  (27)  and  (32),  that  is,  ' 

q"  -v  P v  f  ©'  =  —  rv  1  L  \  -  ts-O/eiv^/e} 

X  <£>^>  fL'Tc.9’)  (33) 

For  plane  stagnation  flow  (  £  =  1),  we  extended 
Chambr6's  analysis  to  second  order  reaction  by  considering 
equations  (26)  and  (33)  subject  to  the  boundary  conditions  (29) 
and  (30).  Following  Chambr£,  we  multiply  Eq.  (33)  by  q'  and 
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integrate  over  the  complete  \  range  and  obtain 

Q 


(34) 


Here  we  have  made  use  of  the  fact  that  6  vanishes  at  the  surface 
(  *1  *=  °  )  as  well  as  at  the  outer  edge  of  the  boundary  layer 
(  vl  =  jo).  Under  suitable  assumptions,  Chambr*  has  made  an  esti¬ 
mate  of  the  integral  on  the  left  hand  side  of  equation  (34), 
which  then  becomes 

©w 
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(34 1  ) 


By  solving  the  integral  in  equation  (34*),  we  then  obtain  the 
following  expressions  in  the  limit  (.  Bo.  /*  TtevJ)»i, 

( )  (  £~~~)  to.\KTt9w')  -  0-V% 

(35) 


up  to  first  order  in  (RTe0w/Ea)  in  the 
pre-exponential  factor 


{^)  j  t  -  l  -ve„CQ^ 


-\r  3>  ©w 
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up  to  second  order  in  (RTgG^E  ) 
in  the  pre-exponential  factor  a 


A-I-2.  Method  of  Solution. 


Numerical  integration  of  equations  (26)  to  (31)  has 
been  performed  by  following  a  method  due  to  Pay  and  Kaye(®'.  For 
the  sake  of  completeness,  it  is  summarized  in  the  following  four 
steps: 


(i)  Linearization.  The  boundary  layer  equations 
(26)  to  (28)  are  first  linearized  about  an  initial  trial  solution 
(or  previous  iteration).  The  method  of  linearization  (or  quasi¬ 
linearization)  essentially  involves  the  approximation  of  the  non- 
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1 inear  terms  by  a  first  order  Taylor  series  expansion  about  the 
'previous'  solution  .  The  equations  (26)  to  (31)  are  now 

uncoupled  except  through  the  initial  guess  or  the  results  of  the 
earlier  iteration. 

(ii)  Finite  Difference  Equations.  The  differential 
equations  are  cast  into  an  implicit  finite  difference  form  by  re¬ 
placing  the  derivatives  by  central  difference  formulas  (without 
any  correction  terms).  Equation  (26)  is  reduced  to  a  second  order 
form  in  terms  of  ^  by  defining  =  $  .  Furthermore,  in  the  pro¬ 
cess  of  linearizing  the  source  terms  in  equations  (27)  and  (28), 
we  include  the  Taylor  expansion  with  respect  to  0  alone  on  the 
right  hand  side  of  equation  (27),  while  with  respect  to  Y  alone 
in  equation  (28).  Thus,  equations  (26)  to  (28)  become  c 
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Here  h  denotes  the  interval  length.  The  subscripts  refer  to 
the  mesh  points  while  the  superscripts  represent  the  numbers  of 
the  steps  in  the  interative  process. 

(i:.i  )  Solution  of  the  Difference  Equations.  Each 
of  the  equations  (36)  to  (38)  form  a  tridiagonal "matrix  which  can 
be  easily  inverted  by  using  a  procedure  called  'line-inversion'  I3-3-'. 
The  boundary  conditions  at  the  wall,  i  =  1,  were  incorporated  by 
using  a  three  point  formula  for  the  derivatives,  that  is, 
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Equation  (39)  is  used  only  at  the  ignition  point.  The  boundary 
conditions  at  the  end  point  i  =  N  +  1  are  added  into  the  terms 
on  the  right  hand  side  of  equations  (36),  (37),  and  (38).  In 

order  to  obtain  various  temperature  profiles  before  ignition,  we 
assume  different  values  of  the  surface  temperature  (8  )  lower 
than  the  ignition  temperature  at  which  equation  (39)  Ys  satisfied. 

(iv)  Iteration.  Assuming  some  initial  profiles  for 
f,  p,  0,  and  Y  ,  we  first  solve  equation  (36)  by  the  'line- 
inversion'  procedure,  and  obtain  a  new  profile  for  p  in  order 
to  get  a  profile  for  f  .  Then,  the  new  profile  of  f  is  utilized 
in  the  solution  of  equation  (37).  Finally,  equation  (38)  is 
solved  by  making  use  of  the  newly  calculated  profiles  of  both  f 
and  0.  Having  obtained  the  values  of  f,  p,  0,  and  Y  once,  the 
procedure  is  repeated  till  a  prescribed  convergence, C1  in  10^,  is 
achieved  for  certain  values  of  successive  iterations.  The  pro¬ 
cedure  is  quite  fast  except  when  (39)  becomes  the  boundary  con¬ 
dition,  in  which  case  the  convergence  between  the  results  of  the 
successive  iterations  becomes  slow  and,  therefore,  a  convergence 
test  of  1  in  103  was  employed  at  this  stage. 

A-I-3 .  Results 

Besides  the  mathemat.  I  operations  associated  with 
the  solution  of  the  boundary  layer  equations  (26)  to  (28),  there 
is  an  additional  task  of  specifying  reasonably  the  physical 
quantities  Pr,  Sc,  Q  ,  and  D  for  the  reacting  mixture  before 
any  numerical  computation  isnattempted .  We  performed  the 
numerical  calculations  for  a  combustible  mixture  (at  the  edge  of 
the  boundary  layer)  of  propane  and  air  in  stoichiometric  pro¬ 
portions,  at  a  temperature  of  300°K.  and  1  atmosphere  pressure. 

From  the  data  for  propane  and  air^12,13^,  we  calculated  c 
(=  .y^);  and  /t  ,  D,  and  ^  for  the  external  stream  by  com- 

bining”tne1individual  values  according  to  the  appropriate  rules 
for  a  binary  mixture  ' .  We  thus  obtained  Pr=0.75  and  Sc-1.22, 
and  used  them  in  the  calculations.  These  numbers  were  later  varied 
arbitrarily  to  find  their  effect  on  the  ignition  temperature. 

Taking  into  account  the  standard  heats  of  formation  of  the  products 
CO-  and  H~o(33',  the  heat  released  due  to  the  chemical  reaction 
per  unit  mass  of  the  reactant  was  found  to  be  2.39  kcal/gm.  Myers 
and  Bartle'l®)  obtained  an  expression  for  the  reaction  time  from 
empirical  correlations  of  their  experimental  data  on  the  oxidation 
of  propane  in  a  shock  tube.  Based  on  their  results,  we  made 
estimates  of  the  quantities  A  and  E  [see  equation  (25)]  which 
were  used  in  the  entire  calculations.  Since  the  empirical  corre¬ 
lations  had  shown  two  distinct  temperature  regimes,  we  had  two 
sets  of  values,  namely.  A  —  lO^O  (cm3/gm-sec) ,  E  =  17.01  kcal/mole, 
for  1000°K<T<1250°K,  and  A  *  3  x  1013  (cm3/gm-sec ) ,  E  =  31.29 
kcal/mole,  for  1600°K  >  T  >  1250°k.  We  made  use  of  only  the  first 
set  of  values. 
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The  results  of  the  detailed  calculations  when  Qn  = 

8.84  and  D  =  104  are  shown  in  Figures  3a,  b,  c  and  4a,  b,  c. 

The  general  qualitative  features  of  the  corresponding  profiles 
when  Le  =  1  and  1.76  are  the  same.  Due  to  the  release  of  chemical 
heat,  there  occurs  an  overshoot  of  the  velocity  profiles  within 
the  boundary  layer  (see  Figures  3c  and  4c).  As  the  temperature 
of  the  surface  increases,  this  overshoot  becomes  more  pronounced 
and  moves  closer  to  the  surface.  In  Figure  3a  or  4a,  the  various 
temperature  profiles  are  not  similar  because  of  the  fact  that 
different  boundary  conditions  have  been  used  at  the  surface.  As 
mentioned  earlier,  we  specify  the  surface  temperature  before  the 
ignition  point  while  we  make  use  of  equation  (39)  as  the  appropri¬ 
ate  surface  boundary  condition  in  order  to  determine  the  ignition 
temperature  (8  )  as  an  eigenvalue.  A  plot  of  0  vs  91  is  also 
given  in  FigurJ?  5  to  indicate  heat  transfer  variation  near  the 
ignition  point.  The  effect  of  the  external  stream  on  the  ig¬ 
nition  temperature  can  be  studied  by  varying  Dn«  This  is  shown 
in  Figure  6  (solid  curve).  As  D  is  increasednby  decreasing  a 
(or  u  ),  the  ignition  temperature  also  decreases  clue  to  an  in¬ 
crease  in  the  characteristic  flow  time.  Also,  at  low  tempera¬ 
tures  less  of  the  combustible  gas  (Y  )  is  consumed  which  is 
indicated  by  the  dotted  curve  in  Figute  6. 

Some  additional  calculations  were  done  to  determine 
quantitatively  the  effect  on  the  ignition  temperature  due  to 
different  values  of  the  transport  parameters  Pr  and  Sc.  For  Qn  = 
8.84  and  D  =  104,  these  results  are  summarized  in  Table  I.  For 
Le  =  1,  (Yn  /Y  )  is  calculated  with  the  help  of  equation  (32). 

It  should  6feno?6a' that  the  variations  in  the  values  of  the  ig¬ 
nition  temperatures  or  (Y  /Y  _ )  are  relatively  minor  due  to  those 
of  Pr  or  Sc.  Of  course,  the  overall  trend  of  the  variations  is  as 
expected.  For  the  same  3c,  the  increase  in  Pr  lowers  the  ignition 
temperature  while  for  same  Pr,  the  increase  in  Sc  decreases 

<yc,vAc,e>- 


Table  I 


Pr 

Sc 

Le 

6w 

1 

0.75 

0.75 

1 

3.75 

0.689 

0.75 

0.75 

1 

3.62 

0.704 

0.75 

1.32 

1.76 

3.82 

0.576 

0.75 

1.00 

1.33 

3.70 

0.646 

*3 

0.75 

0.70 

0.93 

3.60 

0.716 

is 

1.00 

1.32 

1.32 

3.64 

0.655 
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Using  equations  (35)  and  (35‘),  we  calculated  the 
ignition  temperatures  according  to  Chambre's  analysis  for  plane 
stagnation  flow  and  Le  =  1,  and  the  results  are,  respectively. 


'Vchambre'  =  2'76  and  2'02 

Thus,  we  find  that  Chambre's  value  is  about  25%  lower  than  the 
present  one. 


A-II .  Flow  on  the  Cvlinderical  Surface 

For  sufficiently  high  Reynolds  number  and  Prandtl  number 
about  unity,  the  boundary  layer  is  thin  compared  to  the  radius 
of  the  cylinder,  and,  therefore,  a  'flat  plate'  approximation  has 
been  employed  for  the  second  region  (see  Fig.  7(a)].  Now  the 
characteristic  parameter  of  the  problem  is  the  distance  from  the 
leading  edge  at  which  ignition  occurs,  and  is  identified  by  the 
presence  of  a  temperature  maximum.  Dooley  as  well  as  Toong”8' 
have  independently  studied  the  problem  of  ignition  in  the  laminar 
boundary  layer  of  a  heated  plate.  Dooley”')  developed  an  itera¬ 
tive  procedure  for  the  solution  of  energy  equation  and  obtained 
detailed  results  for  the  thermal  decomposition  of  azomethane. 

This  analysis  is  restricted  to  the  special  case  of  unitary  Lewis 
number,  and  in  addition,  to  an  arbitrary  specification  of  chemi¬ 
cal  composition  at  the  wall,  Toong^®)  employed  a  series  expansion 
to  a  set  of  ordinary  differential  equations,  and  solved  the  latter 
on  a  computer  for  specific  values  of  the  various  dimensionless 
parameters.  He  obtained  convergence  by  including  only  five  terms 
of  the  series,  and  also  found  that  it  became  poor  near  the  ig¬ 
nition  point.  In  the  present  study,  we  directly  integrated  the 
non-sinular  boundary  layer  equations  by  using  a  numerical  scheme 
described  in  Section  A-II-2.  Besides, the  effect  of  different 
values  of  Prandtl  and  Schmidt  numbers  as  well  as  that  of  the  speed 
and  the  dimensions  of  the  projectile  was  calculated. 


A-II-1.  Governing  equations. 


Making  all  the  simplifying  assumptions  described  in 
Section  A-I-2,  and  noting  that  the  pressure  remains  constant  on  a 
flat  plate,  equations  (1)  and  (9)  to  (12),  describing  the  steady 
state  two  dimensional  boundary  layer  flow,  can  be  rewritten  as 
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c 


(44) 


^  =  ?rt /  w 


(45) 


Here  q  denotes  the  heat  released  due  to  the  cnemical  reaction 
when  a  unit  mass  of  the  reactant  is  consumed. 


The  boundary  conditions  for  the  velocity,  temperature, 
and  reactant  mass  fraction  are  summarized  next.  At  the  surface 
both  velocity  components  vanish  while  far  away  from  the  surface, 
the  velocity  if  given  by  the  potential  flow.  Thus 

TJL(^c,o)  =  X'  (  x  ,  o  )  -  o  ;  ^  (46) 

Both  the  free  stream  temperature  and  the  surface  temperature  have 
prescribed  constant  values 

nr(x.,o)  =  Tw  ,  W  T(x^)  -  Te  (47) 

™  ^  -t  «X3  '  ' 

The  problem  can  also  be  solved  by  the  same  procedure  even  when 
the  surface  temperature  is  a  prescribed  function  of  x  .  The 
species  mass  fraction  has  a  known  constant  value  in  the  external 
flow,  and  since  there  is  no  diffusion  of  the  reactants  into  the 
surface,  we  get 


_j=  ° 


JJ  — >  oo 


(48) 


The  proper  initial  conditions  for  equations  (41)  to  (44)  are  the 
specifications  of  u,  v,  T,  and  YQ  at  some  initial  station,  x-.  We 
note  that  the  boundary  layer  approximation  breaks  down  near  the 
leading  edge  of  the  flat  plate  (x  =0).  Furthermore,  we  are 
dealing  here  with  a  non-similar  flow  because  of  the  chemical  re¬ 
action  which  accelerates  as  the  mixture  moves  away  from  the 
leading  edge.  In  view  of  these  observations,  we  will  proceed  with 
an  integration  at  a  small  distance  away  from  the  leading  edge 
and  utilize  the  results  of  a  similar  solution  for  non-reacting 
flow  as  our  initial  conditions. 

Next  we  introduce  the  new  variables  as  defined  below 
S  -  C-x/u) 
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The  stream  function  satisfies  the  following  equations 

?  u.  «  (^1^)  ,  ?-U-  =  (52) 


such  that  the  continuity  equation  (1)  is  now  automatically  satis¬ 
fied.  The  velocity  components  in  terms  of  the  new  variables  are 
given  by  the  following  expressions 


(53) 


and 


?  15- 


Now  the  boundary  layer  equations  (42)  to  (44)  assume  the  following 
forms : 


Sn(c4v-)  % 


=  2i 


(55) 


•S  (  C_.  *®\  4.  XL 

Pr  aJ  ^  T  ^  J 

ln(t  #)  +  *(!H 


(56) 


(57) 


Here  &  =  (T/T  ) ,  C  =  (  S-  /s**^*);  Prandtl  number  ,  Pr  =  {/*  •**»/  *  ) 
Schmidt  number,  Sc  =  (  >*•  /  ?  u  ) ;  and  J.  =■  (  a.  s  t.  /  q  ) .  The 

rate  of  consumption  of  the  combustible  component  of  the  mixture 
will  be  described  by  an  over-all  single  step,  second  order 
Arrhenius  rate  law;  that  is, 


-  _  a  f^e) 


(58) 


where  A  is  assumed  to  be  a  known  (positive)  constant  and  E  de¬ 
notes  the  activation  energy  for  the  combustion  process  under  con 
sideration. 
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The  problem  can  be  greatly  simplified  by  neglecting 
the  dependences  of  /*>,  X,  and  D  on  the  various  components  of  the 
mixture  and  the  temperature.  We  will  perform  numerical  computa¬ 
tions  for  constant  values  of  C,  Pr,  and  Sc.  The  momentum  con¬ 
servation  equation  (55)  is  now  no  longer  coupled  to  energy  equation 
(56)  or  the  species  equation  (57).  Furthermore,  if  we  use 
similar  profiles  as  our  initial  conditions,  it  is  then  evident 
that  equation  (55)  reduces  to  the  Blasius  case  which  has  been 
already  computed  (see,  for  example.  Reference  (19)).  Hence, 
the  boundary  layer  equations  finally  reduce  to  the  following  forms: 

(#)  *  ($£-)  =  °  (59) 

m.)  - k  m 

—  ni  P/  -bvA  C'fcls)  (60) 

W***©r> 

e-  3sSc.  (^±\(^±)  -*-■»  V-  (0) 

V*n  J\ (61) 


Here  Y  has  been  normalized  by  its  value  in  the  external  flow 
(Y  )?  The  symbol  Q_  stands  for  (qY  e/cnT  ),  and  Dn  represents 
(aE'I^Vc  «./u«)-  The  Boundary  conditions  (46)  to  (48)  become 
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The  initial  profiles,  as  discussed  earlier,  will  be  taken  as  the 
solution  of  the  following  equations 

fe-)  *  *  *  (S1)  -  • 
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subject  to  the  boundary  conditions  stated  in  equations  (63)  and 
(64).  These  profiles  can  be  easily  shown  to  be  ( 

0  =  ^  +  (  £ke|c^)w  J  ^  —  (V  ^  «W) 

O  V|  ^*1 

-  pY-  |  crTt)  S  \  (- 1*-  j ■$  (VO  «*V) 


sW  iVvw'y] 


with 
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X  i  ^  -Kn')  *W  )  5  C^vf 

x  (  ■  .•  )] ^  j [  $ **\ 

x 

and  yc*  =  i  (68) 

A  numerical  procedure  is  discussed  in  Section  A-II-2  for  solving 
equations  (60)  and  (61)  with  initial  conditions  given  in  equations 
(67)  and  (68)  and  subject  to  the  boundary  conditions  of  equations 
(63)  and  (64). 

A-II-2.  Method  of  Solution. 

Numerical  integration  of  equation  (60)  and  (61)  sub¬ 
ject  to  the  initial  profiles  given  in  equations  (67)  and  (68)  and 
the  boundary  conditions  stated  in  equations  (63)  and  (64)  was 
done  by  using  a  slight  modification  of  the  scheme  described  in 
Section  A-I-2. 

The  partial  differential  equations  (60)  and  (61)  are 
first  put  individually  into  a  form  of  difference-differential  or 
an  ordinary  differential  equation  in  \  by  substituting  a  three 
point  formula  for  the  first  derivatives  with  respect  to  s.  For 
example,  we  write 

(as  )%*  =  (  aST,^  f-  9i-V»  “  *  3  (69) 
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Here  stands  for  the  step  size  in  the  s-direction,  and  the 

subscripts  i,  j  represent  the  mesh  points  in  the  s-  and  "H,  -direc¬ 
tions  respectively.  From  equation  (69),  it  is  evident  that  we 
need  to  know  the  solution  at  two  s-stations  before  proceeding  to 
the  next  one.  To  start  step  by  step  integration  in  the  s-direc- 
tion,  we  will,  therefore,  initially  use  a  two  point  formula  with 
half  of  the  regular  step  size  (  A',  =  Thus,  we  have 


=  (ir) ( e-  -  e~.»> 


(70) 


After  having  obtained  a  solution  at  an  s-station  next  to  the 
initial  one,  we  go  back  to  equation  (69)  for  further  calculations. 
The  difference-differential  equations  in  *\  are  then  solved  at  each 
s-station  by  using  the  procedure  described  in  Section  A-I-2. 
Equations  (60) and  (61),  after  transformation  into  ordinary 
differential  equations  with  respect  to  ^  ,  also  linearization  of 
the  non-linear  terms,  and  replacement  of  the  derivatives  by 
central  difference  formulae,  become 
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Here  the  superscript  k  refers  to  the  number  of  iterations, 
and  #\x  denotes  the  step  size  in  the  ^-direction.  Note  that 
in  making  use  o£  equation  (69),  we  include  the  iterative  index 
k  only  as  6‘uJ)  because  all  the  other  quantities  have  pre¬ 
sumably  been  determined  by  the  previous  calculations. 

The  initial  profiles  given  in  equations  (67)  and 
(68)  for  e  and  Y  were  determined  by  using  extended  Simpson's 
rule  for  the  integrations.  A  choice  of  an  initial  value  of 
s,s.  =  0.02  was  arbitrarily  made.  We  first  solved  equation  (71) 
by  the  use  of  'line-inversion*  procedure  to  obtain  a  profile  for 
Y  at  the  next  s-station.  This  new  profile  of  Y  was  then 
utilized  in  the  solution  of  equation  (72).  These  values  of  Y 
and  0  were  used  in  the  next  step  of  the  iteration  to  determine 
new  values  at  this  same  s-station.  This  procedure  was  repeated 
until  a  prescribed  convergence,  1  in  10^f  was  achieved  for 
certain  values  of  successive  iterations.  This  gave  us  the  final 
profiles  at  the  station  next  to  s*.  By  making  use  of  these  re¬ 
sults,  we  can  then  proceed  another  step  in  the  s-direction,  and 
perform  the  same  iteration  at  that  position.  Eventually  all 
stations  of  interest  are  covered.  The  step-size  in  the  \  -direc¬ 
tion  was  kept  fixed  at  0.10,  while  that  in  s-direction  varied 
from  0.1  to  0.01.  Near  the  ignition  point,  the  smaller  step-size 
in  the  s-direction  was  needed  for  better  convergence  especially 
for  the  case  of  the  laminar  mixing  problem. 

A-II-3 .  Results  and  Discussion 


The  calculations  were  done  for  a  mixture  of  propane 
and  air  at  1  atmosphere  pressure.  Earlier  estimates  for  Pr,  Sc 
and  Q  were  used  (see  Section  A-I-3).  Later,  some  arbitrary 
variations  of  these  numbers  were  also  considered  in  order  to  find 
their  effect  on  the  location  of  the  ignition  point.  Since  Myers 
and  Bartle's^16'  correlations  of  their  experimental  data  on  the 
oxidation  of  propane  indicate  different  behavior  above  and  below 
T  =  125 0°K  we  have,  unlike  the  stagnation  point  flow  case,  added 
the  two  second  order  Arrhenius  rate  terms  obtained  from  these 
correlations  in  order  to  get  a  continuous  chemical  source  term. 
Thus,  in  equations  (60)  and  (61),  we  replace  D  exp(-E  /RT  0)  by 
[D  . exp  (-E  ./RT '  0)  +  D  ?exp(-E  /RT  0)]  wh£re  E  f  =  17.01 
kcSl/mole,  fil,  =,21.22  Kt51/mole?'D_  ,  =  (A,  L  , 

with  A^  —  '^lO10  crtr/gm-sec,  and  2  =  )  /  with 

A2=s  3  x  10i3  cm3/gm  sec.  The  above  combined  expression  possesses 
correct  asymptotic  behavior,  and  excepting  for  the  neighborhood  of 
the  transition  temperature,  it  gives  values  in  each  region  which 
are  in  close  agreement  with  the  ones  obtainable  from  the  relevant 
individual  term.  Note  that  this  manipulation  is  necessary  even 
when  the  temperature  of  the  flat  plate  is  less  than  1250°K  because 
when  we  go  beyond  the  ignition  point,  the  temperature  of  the  gas 
begins  to  be  higher  than  that  of  the  flat  plate. 
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The  detailed  results  of  a  solution  of  equations  (60), 
(61),  (63),  (64),  (67),  and  (68),  describing  the  temperature  and 
the  reactant  mass  fraction  profiles  over  a  flat  plate,  are  shown 
in  Figures  8a  and  8b  when  9  =  3.50.  The  specific  values  for 

the  dimensionless  quantities  Pr,  Sc,  Q  ,  D  ,,  D  2  and  (  I  CV  T*  )* 
used  in  the  above  calculations  are  respectively  u*.  75,  1.32, 

8.84,  3  x  103,  9  x  106,  and  0.025  (or,  see  line  8  of  Table  II). 

It  is  to  be  noted  that  as  the  value  of  s  increases,  the  tempera¬ 
ture  profile  is  modified  due  to  chemical  reaction  such  that  the 
temperature  gradient  at  the  wall  increases  from  a  negative  value 
to  a  positive  one.  In  order  to  make  a  more  accurate  determination 
of  the  ignition  point,  that  is,  the  location  of  zero  ^eat  trans¬ 
fer  condition  we  have  also  shown  the  variation  of  with  s  in 

Figure  9.  For  the  above  mentioned  data,  we  find  that  ignition 
occurs  at  =  0.373  when  6 ^  =  3.50.  For  s  >  sia  ,  note  that 

the  heat  is  transferred  from  the  reacting  mixture  to°  the  body,  and 
that  the  temperature  maximum  moves  in  the  direction  toward  the 
free  stream.  Furthermore,  as  the  numerical  solution  is  con¬ 
tinued  beyond  the  ignition  point,  the  temperature  gradient  in  the 
s-direction  starts  increasing.  For  example,  it  was  found  that 
when  0  =  3.50,  the  second  derivative  of  temperature  in  s-direction 

became  larger  than  that  in  -direction  (both  evaluated  at  s  =  0.66 
and  =  0.1)  by  a  factor  of  three.  The  boundary  layer  equations 
are  then  clearly  invalid.  The  numerical  procedure  also  breaks 
down  because  of  a  lack  of  convergence  between  different  iterates. 

The  effect  on  the  location  of  the  ignition  point  due 
to  different  values  of  Sc,  L,  u  ,  and  0  has  also  been  determined, 
and  some  of  the  results  are  summarized  In  Table  II.  The  numbers 
in  the  last  column  refer  to  an  approximate  analysis  which  is  dis¬ 
cussed  at  the  end  of  this  section.  The  temperature  as  well  as 
the  reactant  mass  fraction  profiles  for  different  values  of  6 
are  similar  to  those  shown  in  Figures  8a  and  8b  where  9  -  3.50 

except  that  the  corresponding  similar  features  of  thesewprofiles 
are  now  observed  at  lower  or  higher  values  of  s  depending  on 
whether  the  value  of  6W  is  respectively  greater  or  smaller  than 
3.50.  Since  is  very  small  compared  to  unity  especially 

for  lower  velocities,  it  is  evident  from  equations  (60)  and  (61) 
that  as  long  as  the  ratio  (  u.t/  l  )  is  kept  constant,  the  ignition 
point  (  Soj  )  for  the  same  value  of  9  aiso  remains  unaltered, 
and  furthermore,  if  we  increase  the  velocity  of  the  external 
stream  (ue)  by  a  certain  factor,  the  ignition  distance  (  ) 

also  gets  increased  by  almost  the  same  factor.  These  facts  are 
supported  by  the  numerical  results  of  Table  II.  Note  that  a  minor 
change  in  temperature  (9W)  leads  to  a  much  bigger  change  in  the 
ignition  distance  (  s-uj  )  and  that  the  variations  in  the  value  of 
Sc  do  not  alter  the  ignition  distance  substantially.  Finally,  it 
is  expected  that,  for  a  fixed  value  of  T  and  u  ,  the  distance  of 
the  ignition  point  from  the  leading  edgew(  Xt.  )eshould  remain  in¬ 
dependent  of  the  length  L  as  long  as  u  .  The  slight  dis¬ 

crepancy  between  the  numerical  results  given  in  Table  II  is  due  to 
the  fact  that  [or,  ( 'Y  c,w  /Wc,«)t  .smj]  has  been  determined,  as 
stated  earlier,  from  a  graphical  plot  of  the  type  given  in  Figure  9. 
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Table  II 


(cm)  (cm/iec)  (Sc/Pr)  ( *c,vAc,« )  8ig  (sig)appr* 

s=s  . 

ig 


10 

102 

1.76 

0.912 

0.94 

1 (=1 . 28) 

5 

103 

1.76 

0.818 

0.322 

0.333 

10 

103 

1.76 

0.828 

0.158 

0.166 

10 

2 

X 

103 

1.76 

0.818 

0.322 

0.333 

10 

2 

X 

103 

1.00 

0.872 

0.294 

10 

2 

X 

103 

0.88 

0.882 

0.288 

10 

6 

X 

103 

1.76 

0.818 

0.966 

0.998 

8 

8.84 

X 

103 

1.76 

0.771 

0.373 

0.332 

8 

8.84 

X 

103 

1.00 

0.838 

0.327 

8 

1.768 

X 

104 

1.76 

0.772 

0.727 

0.663 

10 

2 

X 

104 

1.76 

0.774 

0.65 

0.601 

10 

2 

X 

104 

1.00 

0.842 

0.575 

10 

2 

X 

104 

0 . 88 

0.853 

0.563 

10 

3 

X 

104 

1.76 

0.78 

0.925 

0.901 

10 

3 

X 

104 

1.76 

0.727 

0.255 

0.204 

4.00 


A— III.  The  Wake  Flow. 


If  ignition  does  not  occur  at  the  stagnation  point  or  on 
the  lateral  surfaces  of  the  projectile,  there  is  a  possibility  of 
it  occurring  in  the  wake  or.  account  of  a  larger  residence  time  for 
the  same  fluid  elements  due  to  recirculation.  These  elements  may 
undergo  almost  complete  combustion.  Furthermore,  the  flow  in 
this  region  is  usually  turbulent.  However,  due  to  lack  of  in¬ 
formation  about  the  transport  properties  of  a  turbulent  mixture 
as  well  as  the  complexities  involved  in  the  description  of  a 
bluff-body  wake  flow  pattern,  we  employ  a  simplified  flow  model 
of  the  Marble  and  Adamson  '^0)  type  to  describe  the  ignition  of 
the  incoming  cold  combustible  mixture  by  the  hot  products  of 
combustion  which  are  considered  to  have  accumulated  in  the  base 
region  as  the  first  event  in  the  ignition  process.  This  analysis 
will  determine  whether  an  ignition  process  that  may  have  started 
in  the  base  region  of  a  projectile  results  in  the  flame  spreading 
to  the  surrounding  combustible  mixture.  Marble  and  Adamson (2°) 
assumed  uniform  initial  velocities  and  initial  temperatures  for 
the  two  streams,  the  cold  combustible  mixture  and  the  already- 
burned  hot  gas,  which  were  considered  to  flow  adjacent  and  parallel 
to  each  other  after  the  point  of  contact.  Using  boundary  layer 
approximation,  they  did  an  extensive  study  of  the  problem  by  using 
a  regular  perturbation  method.  Later,  Cheng  and  Kovitz^2*',  and 
Cheng  and  Chiu'  '  considered  the  effect  of  non-uniform  velocity 
and  temperature  profiles  by  developing  suitable  series  expansions. 
These  solutions  are  good  in  the  neighborhood  of  the  point  of  con¬ 
tact  and  the  numerical  results  were  given  for  a  first  order 
Arrhenius  rate  law.  As  in  the  case  of  the  flat  plate  approximation, 
we  will  obtain  numerical  solutions  of  the  steady  non-similar 
boundary  layer  equations  describing  the  mixing  for  various  values 
of  the  external  uniform  conditions.  However,  the  initial  profiles 
for  the  two  streams  at  the  point  of  contact  need  not  be  uniform. 

A-III-1.  Governing  equations. 

Under  the  simplifying  assumptions  described  in 
Section  A-I-2,  the  flow  in  the  mixing  zone  [see  Figure  7(b)]  is 
again  described  by  equations  (41)  to  (45)  but  with  modified 
boundary  conditions.  Let  U  and  U  ,  respectively,  denote  the  uni¬ 
form  velocities  of  the  unreacted  and  the  reacted  streams  outside 
the  mixing  zone.  Then  the  boundary  conditions  on  the  x-component 
of  velocity  are 

Xxvr.  j)  =*  xx(x  h\  _  tj- 

’  vj-^oo  (73) 

Unlike  the  flat  plate  case  (Sec.  A-II-2),  the  y-component  of 
velocity  is  not  known  a  priori  anywhere  in  the  flow  field.  An 
additional  physical  condition  which  determines  uniquely  the  orienta¬ 
tion  of  the  wake  was  first  suggested  by  von  Karmen.  It  states 
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that  there  must  not  be  any  resultant  force  on  a  'free*  wake  in 
the  direction  normal  to  the  main  flow.  Thus,  according  to  von 
Karmen,  we  have 


'j  — r  *-» 


where  5^  and  ,  respectively,  denote  the  uniform  densities  of 
the  unreacted  mixture  and  the  hot  combustion  products  outside  the 
mixing  zone.  The  boundary  conditions  for  the  temperature  field 
and  the  reactant  mass  fraction  are  easily  specified  in  terms  of 
the  values  outside  the  wake,  that  is,  the  uniform  temperature 
of  the  hot  combustion  products  (T  ) ,  the  uniform  temperature  (T  ) , 
and  the  reactant  mass  fraction  (Y^  )  of  the  unreacted  mixture. 
Thus  c' 


=  Ty 


T(x,^  «TV 

^—*■^00 


vJ-»  -•*» 


’+00  e•», 


Besides,  we  must  specify  suitable  initial  prodiles  for  u,  T,  and 
Y  .  Here  again,  we  will  follow  the  prescription  discussed 
previously  for  the  case  of  a  flat  plate  (section  A-II-2).  In 
other  words,  we  begin  integration  at  a  station  which  is  slightly 
away  from  the  point  of  contact  and  up  to  which  no  significant 
chemical  reaction  has  occurred.  Thus,  we  use  non-reacting  similar 
profiles  as  our  initial  conditions,  and,  consequently,  our  solu¬ 
tion  is  not  necessarily  restricted  to  the  case  of  uniform  con¬ 
ditions  of  the  two  streams  at  the  point  of  contact. 

Before  proceeding  any  further  with  the  solution  of 
these  equations,  it  should  be  noted  that  the  third  boundary  con¬ 
dition  for  the  momentum  equation,  that  is,  equation  (74),  is 
rather  cumbersome  to  use.  However,  it  has  been  shown  that  this 
boundary  condition  is  unessential  and  can  be  accounted  for  by 
making  use  of  the  transposition  theorem  of  Prandtl  *^3) .  Thus, 
if  we  introduce  the  following  new  indeoendent  variables 


3C  — 


and  the  dependent  quantities 
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,  U(x^)  « 

—  ^O.V)  -v*  ^|Ax.) 

—  ^C*-*1*)  -+-  '^(‘*->’0 

=  T  o.'i) 

XC^)  = 


(78) 


we  find  that  equations  (41)  to  (45)  remain  invariant.  Note  that 
amongst  the  dependent  qiv-  tities,  it  is  only  the  y-component  of 
velocity  which  changes  .  ..  to  the  transformation  defined  by 
equation  (77).  Regard,  ig  the  boundary  conditions,  we  find  that 
equations  (73),  (75),  and  (76)  remain  unaltered  while  equation 
(74)  becomes 

\T«  +  \J,  <79> 

In  order  to  keep  the  origin  of  coordinates  fixed,  we  set  g(0)  *  0. 
Due  to  the  above  invariance  of  the  boundary  layer  equations,  we 
can  now  arbitrarily  impose  a  convenient  boundary  condition  on 
the  y-component  of  velocity,  say, 

^  Cx,  ^  =o)  =  o  (80) 

The  above  choice  implies  that  the  streamline  through  origin  co¬ 
incides  with  3C-axis.  After  having  obtained  a  solution  using 
equation  (80),  we  can,  if  necessary,  go  back  to  the  physical 
variables  y  and  v(x,y)  by  means  of  equation  (79). 

_  Since  the  governing  equations  for  the  mixing  zone  in 

(x,y)  plane  are  identical  to  those  for  the  flat  plate  case  in  (x,y) 
plane,  we  can  put  them  into  the  forms  given  in  equations  (59)  to 
(61)  by  incorporating  all  the  relevant  simplifying  assumptions, 
and  by  applying  the  transformations  defined  in  equations  (49)  to 
(52)  after  having  replaced  (x,y)  by  (x,y)  as  well  as  all  the 
variables  referring  to  the  external  stream  by  those  corresponding 
to  the  unreacted  mixture.  In  the  present  analysis,  it  is  again 
reasonable  to  work  with  a  similar  solution  of  the  momentum  equation. 
The  boundary  conditions  given  in  equations  (73),  (75),  (76),  and 
(80)  become 


h  -*■ 


=  > 


Ju. 

V^-Voo 


1 


) 


£(p)  =  o 


> 


(81) 
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G  ~  ^  1  csyn)  -  i 

1  V\  -*  VO*  y  '  '  —  1 


-tvsw  "Yc(s(^)  __ 


_v_o* 


■  v 


(82) 


(83) 


Here  >  =  (U  /U  ) ,  6  =  (T  /T  ) ,  and  the  reactant  mass  fraction 
has  been  normalized  By  its  value  (yc  e)  as  . 

The  initial  profiles  for  "e  and  Y  given  by  the  solu- 
tions  of  equations  (65)  and  (66)  subject  to  tfie  boundary  con- 
ditions,  equations  (82)  and  (83),  respectively,  are 

d(f])  =  \  -h 

00  1 

^  «• 

for  o  <  ’Vy  -V  oq 

•  -  PK-i IV)  C-Pv-  fVnK) 

X ^ $■>.>{'  (-‘4 ^ (<?1) 

+  (a§/ d*\)  ^  '*•’>  «*t(-  p'  A W)  *>{') 

h  =a"**  c.  / 


=  e. 


for  —  00  i  ^  <>° 


(84) 


where 


(ae/d^)__  =  -  1  -  e„  + 

x  £  5r(h’)dv^  j  j  (cx^(^)  ^  pr 

*  5  TOV'W)]^  ^/[  J'S 
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1  ~  (*YC ^  ^  ^  (-Sc  $  ^W) 

n 

O  <  *\  <-  OO 

r*»  < 

an)cr^0  J  C-Sc  ^4Cn")an") 

1  »oo  o 

-  oo  £  *\  <  o 

(85) 

where  _  _\ 

The  critical  distance  (  Sxj  )  for  flame  stabilization 
is  now  determined  from  a  solution  of  equations  (59)  to  (61)  sub¬ 
jected  to  their  respective  boundary  conditions  given  by  equations 
(81)  to  (83)  and  the  appropriate  initial  profiles  of  equations 
(84)  and  (85).  The  details  of  the  numerical  procedure  employed 
are  described  in  the  following  section. 

A-III-2.  Method  of  solution. 

Note  that,  after  appropriate  changes  of  notation, 
equations  (71)  and  (72)  are  equally  valid  for  the  laminar  mixing 
problem,  and  it  is  also  true  of  the  numerical  scheme  described  in 
Section  A-II-2.  Moreover,  even  though  some  numerical  solutions  of 
equation  (59)  when  subjected  to  the  boundary  conditions  given  by 
equations  (81)  are  available  in  the  literature  (see,  for  example, 
Reference  23)  we  obtained  profiles  of  f  ,  (Af lACi ),  and  by 

using  the  present  scheme  which,  unlike  the  other  calculations, 
allows  easily  to  make  use  of  any  simple  choice  for  a  value  of  .>  . 
Again,  the  initial  profiles  given  in  equations  (84)  and  (85)  for 
<5  and  Tc  were  determined  by  using  extended  Simpson's  rule 
for  the  integrations. 

A-III-3 .  Results. 

The  velocity  profiles  resulting  from  solutions  of 
equations  (59)  and  (81)  are  shown  in  Figure  10  when  =  0.01, 

0.25,  and  0.50.  Solutions  to  the  equations  (60),  (61),  and  (82) 
to  (85),  which  describe  the  planar  laminar  mixing  of  the  combustible 
gas  with  the  hot  combustion  products,  were  obtained  for  different 
values  of  Sc,  L1,  and  6  .  The  temperature  and  the  reactant 


And 

Yc<*U  = 
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mass  fraction  profiles  for  >*  =  0.25  and  8r  =  5.0  are  shown  in 
Figures  11a  and  lib.  Here  we  used  the  same  values  for  the  di¬ 
mensionless  constants  as  in  the  case  of  Figure  3a  and  3b.  The 
occurrence  of  ignition  is  identified  with  the  first  appearance 
of  a  local  temperature  maximum.  Like  the  flat  plate  case,  the 
profiles  for  the  other  input  data  are  similar,  and  the  dependence 
of  the  ignition  distance  on  different  external  conditions  is 
summarized  in  Table  III.  The  ignition  distance  is,  again,  a 
sensitive  function  of  the  temperature  ratio  (6  )  and  has  a 
weaker  dependence  on  the  changes  in  >  .  Unlike  the  flat  plate 
case,  the  ignition  distance  is  changed  considerably  by  the  vari¬ 
ations  in  the  value  of  Sc.  This  is  not  surprising  because  in 
this  case  the  rate  of  heat  transfer  to  the  ignitable  mixture 
depends  on  the  mixing  rate  for  the  reactant3  and  the  hot  products. 
Due  to  the  presence  of  an  additional  variable  ,  the  previous 
observations  in  connection  with  the  dependence  of  on  u  and 
(vx,,/!.'  ),  which  were  made  for  the  flat  plate  case,  are  noe longer 

valid. 


Table  III 


L' 

ew  <cm) 


3.00  5 


10 


3.50 


10 

4.00  5 


5.00  8 


u  u 

(cm/sec)  (cm/Hec) 

(Sc/Pr) 

3. 

ig 

^  sig  ^  appr . 

10 

25 

1.76 

0.30 

0.32 

50 

1.76 

0.52 

0.55 

1.00 

0.16 

0.88 

0.12 

102 

1.76 

0.94 

>1(«1.01) 

10 

50 

1.76 

0.25 

0.275 

102 

0.46 

0.505 

10 

102 

1.76 

0.22 

0.219 

2  x  102 

0.40 

0.417 

4  x  102 

0.78 

0.815 

10 

2  x  102 

1.76 

0.20 

0.209 

2 . 5  x 

102  5  x  102 

1.76 

0.43 

0.404 

1.00 

0.155 

0.88 

0.12 

103 

1.76 

0.74 

0.673 

1.25  x  103 

1.76 

0.86 

0.808 

2.21  x 

103  8.84  x  103 

1.76 

0.58 

0.573 

4.42  x 

103 

0.67 

0.659 

2.21  x 

103  8.84  x  103 

1.76 

0.17 

0.156 

6.00 
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A-IV.  General  Discussion  and  Empirical  Correlations. 

In  order  to  find  the  ignitability  limit,  we  determined 
the  maximum  velocity  at  which  ignition  would  occur  when  the 
projectile  has  a  temperature  T  (or,  T  of  the  hot  products  in  the 
case  of  the  wake)  and  a  length WL  (or  I,  of  the  eddy  size  in  the 
case  of  the  wake).  The  numerical  procedure  was,  therefore, 
repeated  thrice  by  varying  u  for  fixed  values  of  0  (or  0  )  and 
L  (or  L').  Then,  from  a  graphical  plot  of  ue  vs.  ,  we  found 
a  value  of  (u  )  corresponding  to  =  1  by  extrapolation. 
Proceeding  intne*  same  manner  for  other  values  of  0  and  L,  we 
obtained  the  curves  shown  in  Figure  12.  For  the  purpose  of  com¬ 
parison,  we  replotted  in  Figure  12  some  results  for  ignition  at 
an  axisymmetric  stagnation  point  taken  from  Figure  6  by  letting 
a  =  (u  /R),  R  being  the  radius  of  curvature  of  the  front  end  of 
the  projectile.  For  the  case  of  the  wake,  we  found  that  the 
thickness  of  the  mixing  layer  starts  increasing  when  .A  gets 
smaller  than  0.05.  Therefore,  to  avoid  using  more  computer  time, 
the  results  for  the  case  when  Ur  =  10  cm/sec  and  L'  =10  cms 
were  not  obtained. 

The  above  calculations  indicated,  for  example,  that  a 
projectile  of  length  5  cm  and  temperature  900°K  would  initiate 
ignition  on  its  lateral  surface  only  if  its  speed  were  less  than 
or  equal  to  3.2  x  103  cm/sec.  Also,  for  the  same  values  of  the 
characteristic  length  and  temperature,  the  corresponding  speeds 
for  ignition  at  the  stagnation  point  or  in  the  wake  are,  respec¬ 
tively,  26  cm/sec  and  1.05  x  102  cm/sec.  In  other  words,  for  a 
projectile  at  a  fixed  temperature,  a  particular  value  of  its 
speed  imposes  a  condition  on  the  relevant  characteristic  length 
in  order  to  ignite  the  combustible  mixture.  Furthermore,  it 
should  be  noted  that  (u  )  for  the  lateral  surface  is  two  orders 
of  magnitude  bigger  than  that  for  the  stagnation  point.  From  our 
choice  of  L  and  R,  we  could  have  expected  as  much  as  one  order  of 
magnitude  difference.  The  extra  difference  can  be  explained  in 
terms  of  the  heat  transfer  from  the  projectile  to  the  gas.  The 
boundary  layer  thickness  near  the  stagnation  point  is  constant 
and  of  the  order  of  R (Re )~^  where  Re  =  while  in 

the  case  of  the  flat  plate,  the  boundary  layer  grows  as  ■J'ac  . 
since  the  heat  transfer  is  more  for  a  thin  boundary  layer,  it 
decreases  as  we  go  away  from  the  leading  edge  of  the  flat  plate. 
Therefore,  the  total  heat  transfer  over  a  flat  plate  of  length  R 
could  be  greater  than  the  heat  transfer  at  the  stagnation  point 
having  a  radius  of  the  nose  equal  to  R.  Clearly,  this  argument 
holds  good  when  the  two  flows  are  studied  independently,  which  is 
the  case  in  the  present  analysis.  In  case  of  the  wake,  we  note 
that  due  to  the  presence  of  a  finite  relative  speed  and  of  mixing 
between  the  reactant  and  the  hot  inert  streams,  the  ignition  point 
lies  somewhere  in  the  mixing  zone  where  the  magnitudes  of  the 
velocity,  reactant  mass  fraction,  and  temperature  do  not  corres¬ 
pond  so  closely  to  the  conditions  at  the  hot  edge  of  the  layer  as 
in  the  case  of  the  flat  plate  where  the  ignition  point  lies  close 
to  the  hot  surface. 
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Neglecting  transport  effects,  we  attempt  a  rough  estimate 
of  the  location  of  the  ignition  point  by  defining 

Xvy  —  X  (86) 

where  u.  is  some  characteristic  flow  velocity  of  the  reacting 
mixture  and  -c  denotes  the  chemical  reaction  time.  In  other  words, 
the  ignition  distance  is  being  approximated  by  the  actual  distance 
traversed  by  a  certain  fraction  (  d.  )  of  the  initial  amount  of 
the  reactive  component  in  the  mixture  having  a  constant  tempera¬ 
ture  (T*)  and  a  uniform  speed  (  •uf  )  in  a  period  of  time  equal 
to  the  ignition  delay  time  evaluated  at  and  T*.  From  equation 
(58),  we  may  express  the  reaction  time  as 

^  =  C-  *  Xj  *  ksW) 

=  e*  ^  (87) 

where  we  have  also  made  use  of  the  ideal  gas  equation  of  state, 
equation  (45).  Since  the  ignition  criterion  is  applied  at  the 
surface  of  the  flat  plate,  it  is  reasonable  to  choose  0*  equal  to 
0  .  Therefore,  combining  equations  (86)  and  (87)  we  obtain  the 
following  expression  for  the  ignition  distance  on  a  flat  sur-face, 

—  (?»  (jo*.]  (VTt  Gw)  (88) 

where  P  is  a  suitable  fraction  of  the  velocity  of  the  external 
stream  (ue).  Equation  (88),  when  appropriately  modified  to  account 
for  the  continuous  source  term  at  all  temperatures,  becomes 

"X-xtj  =—  ©w  C  ^  |  RT*  0w") 

-Sl 

-A-  (  |  Ue)  (- (89) 

It  is  difficult  to  guess  a  priori  any  suitable  values  of  U,  and 
p,  except  for  the  fact  that  ot,  lies  closer  to  unity  while  P  to 
zero.  After  making  some  trial  calculations  by  using  the  data 
given  in  Table  II,  we  found  that  there  were  large  variations  in 
the  value  of  (  $/(*■)  with  0W.  Instead,  if  we  arbitrarily  set 

( (H-0  =  U'l*') 

(90) 

the  values  of  (PM* )  remain  nearly  the  same  (within  about  30%)  for 
the  data  used  in  the  earlier  calculations.  We  chose  an  average 
value  of  0.136  for  C^'ld/)-  We  may  look  upon  this  value  of  (  P '  /  ol/  ) 


-Id¬ 


as  resulting  from  oL1  ££  0.74  and  (2>  ^  o.l,  which  are  reasonable 

numbers  at  the  ignition  point.  Combining  equations  (89)  and  (90), 
we  get 

“X C3  =  o  •  l  L  0W  (  Gw  -  0  L  C  V*  |ue)  |*TeG^ 

(91) 

The  results  of  the  approximate  calculations  based  on  equation 
(91)  for  different  cases  are  given  in  the  last  column  of  Table  II. 
We  can  conclude  that  equation  (91)  describes  fairly  well  the 
dependence  of  ignition  distance  (x.  )  on  the  surface  temperature 
(0W)  and  the  velocity  of  the  external  stream  (u  )  provided,  of 
course,  ( P>  / d.  )  is  known  or  guessed  correctly.  Note  that  equation 
(91)  does  not  possess  any  explicit  dependence  on  the  Reynolds  num¬ 
ber.  Except  for  an  estimation  of  Prandtl  number  (Pr),  we  thus 
never  made  use  of  the  value  of  coefficient  of  viscosity  for  pro¬ 
pane-air  mixture  in  the  determination  of  the  ignition  distance. 

In  a  similar  fashion,  we  can  obtain  an  expression  for  the 
ignition  distance  in  the  mixing  layer,  namely,  (see,  also  Reference 
24) 

=  IS  O  L  Qr(0r-X) 

x  -e*^-  -V-  C 

x  ec.,».jRToSv)  3  (92) 

Here  a  suitable  value  for  the  constant  (  P>  /  o(  )  turns  out  to  be 
15.0  which,  when  split  up  as  oLzz  0.05  and  (1  =:  0.75,  corresponds 
to  a  reasonable  number  at  the  ignition  point.  The  estimates  for 
s.  based  on  equation  (92)  are  given  in  the  last  column  of  Table 
III,  and  the  agreement  with  the  numerical  results  is  within  about 
10%. 
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COORDINATE  SYSTEM 
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VARIATION  OF  TEMPERATURE  GRADIENT  WITH 
TEMPERATURE  AT  THE  SURFACE  FOR  PLANE 
AND  AXISYMMETRIC  STAGNATION  FLOW 
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VELOCITY  PROFILES  IN  A  PLANE  LAMINAR  MIXING 
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DETAILED  DEVELOPMENT  OF  REACTANT  MASS  FRACTION 
PROFILES  BEFORE  FLAME  STABILIZATION  IN  CASE  OF  A 
PLANE  LAMINAR  MIXING  PROBLEM  WHEN  X=0.25  AND  0r=5-O 
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DEPENDENCE  OF  THE  MAXIMUM  SPEED  OF  A  PROJECTILE  ON 
ITS  TEMPERATURE  {Tw )  AND  ITS  LENGTH  (L)  OR  ITS  RADIUS 
OF  CURVATURE  (R)  OR  THE  CHARACTERISTIC  LENGTH  OF  THE 
MIXING  ZONE  (L')  WHEN  IGNITION  TAKES  PLACE 
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D .  Ignition  By  a  Hot  Inert  Gas 

During  the  passage  of  a  hot  projectile  through  the  premised 
combustible  mixture  existing  above  a  pool  of  liquid  fuel,  ignition 
occurs  under  certain  circumstances,  and,  therefore,  some  hot 
products  are  left  behind U* 2),  The  burning  will,  of  course,  stop 
as  soon  as  the  premixed  mixture  is  exhausted.  But,  simultaneously 
more  fuel  is  being  vaporized  from  the  liquid  pool  by  the  heat  trans¬ 
fer  from  the  hot  products,  and  both  oxidizer  and  fuel  vapors  diffuse 
towards  each  other  while  raising  their  temperatures  at  the  same 
time.  The  question  then  arises  that  under  what  conditions  ignition 
can  take  place  so  that  the  burning  continues. 

We  have  first  considered  a  very  simple  model  consisting  of 
three  parallel  gaseous  streams  moving  uniformly  at  the  same  speed 
such  that  the  hot  inert  gas  is  sandwiched  between  the  oxidizer  and 
the  fuel  streams.  Fixing  ourselves  on  a  coordinate  system  moving 
with  the  same  velocity  as  that  of  the  gaseous  streams,  we  are  then 
dealing  with  a  non-convective  situation.  The  diffusion  of  species 
and  the  heat  transfer  are,  respectively,  described  by  the  simple 
Fick's  law  of  diffusion  and  the  Fourier's  law  of  heat  conduction 
(see,  for  example,  reference  3).  The  ignition  delay  time  will  be 
computed  as  a  function  of  the  initial  temperature  as  well  as  the 
width  of  the  hot  inert  gas  stream.  Ignition  will  be  said  to  have 
taken  place  when  a  local  temperature  maximum  or  a  rapid  change  in 
the  chemical  reaction  rate  occurs.  We  will  next  describe  the 
theoretical  analysis  of  the  problem. 

We  assume  that  the  density  (  ?  ),  the  specific  heat  (  /Cj,  ), 
and  the  coefficient  of  thermal  conductivity  (  k  )  remain  independent 
of  temperature  and  mixture  composition.  Let  Tt  ( i  *  I, II, III) 
denote  th^temperature  in  the  oxidizer  stream  (I),  the  hot  inert 
region  (II),  and  the  fuel  zone  (III).  The  mass  fraction  of  the 
oxidizer,  the  hot  products,  and  the  fuel  vapors  in  regions  I,  II, 
and  III  will  be  represented  by  "vf-c.,*  (i*  0,f»,P  >  a  x.ir.Tll) 

Let  L  denote  the  width  of  the  hot  inert  stream,  and  D  be  the  co¬ 
efficient  of  binary  diffusion.  The  governing  equations  are  now 
summarized  below. 

In  region  I,  "L  <  x  «>  , 
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Here  denotes  the  initial  temperature  of  the  oxidizer  and  fuel 

streams,  and  Tp  is  the  initial  temperature  of  the  hot  products. 

=  (k/9  )  represents  the  thermal  diffusivity  of  the  gases. 

■K L  denotes  the  standard  heat  of  formation  of  a  unit  mass  of  the 
species  u  .  oov  is  '.he  rate  of  production  of  the  species  t.  by 
chemical  reaction  (mass  per  unit  volume  per  second). 

Introducing  non-dimensional  coordinates 

r  -  (kfcjL1)  and  ’Jj  -=  (x.|  t-)  f8) 


and,  assuming  unit  Lewis  number  (  K  =  3)  ) ,  we  define  Schwab-zeldovich 
variables  '  ' 


and 


(9) 

(10) 


where  and  denote,  respectively,  the  stoichiometric  co¬ 

efficients  for  the  oxidizer  and  the  fuel.  W  and  Wp  are  the  molecular 
weights.  =  2;  4^  represents  tne  heat* released  due  to 

the  chemical  reaction.  Since  ck  and  satisfy  ordinary  heat  con¬ 
duction  (or  diffusion)  equations  without  any  source  term  and  subject 
to  constant  initial  and  boundary  conditions,  we  can  easily  obtain 
analytic  expressions  for  them.  The  results  are 


fw  sc,  >  \  >  1  C 

~  **■  k  )  "V" 

fxw  l  >  ^  >  o  C  w) 
-=  -V-  ^  (A(— d.a)  — 

foy  o  >  v^-^o  (  U  C) 

where  d ,  =  V  1 1  w''- ^  =  o  t  j  u-  Wf  )  ,  and 

‘•-'‘-Vc.ft)  ==(*/fn)  •  The  same  expressions  hold  good  for 

.  In  this  case,  *= 
and  V'M'O  • 


when  ol’s  are  replaced  by  p>’$ 
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In  >r  ler  t  .  determine  the  rapid  rise  in  chemic.il  reaction  rate 
r  the  1  >c.it  1  >n  of  the  temperature  maximum  in  region  II,  we  must  now 
s  *lve  >ne  differential  equation  containing  the  reaction  rate  term, 
say,  the  following  set  of  equations 


(*VnA  _ 

~1 

\  / 

\  K  *)*-  1  V  ° 

-B  O 

—  G 

•=  -  *5  *vt  oi  C 

- 

We  will  use  an  overall  second  order  Arrhenius  rate  expression 
is, 


(12) 


that 


—  —  lc.  C  -  tc.  |  R.x) 
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where  (A.t^  S  A  denote,  respectively,  a  known  constant,  the  activa¬ 
tion  energy  and  the  universal  gas  constant.  Also, 


and 


T 


uc-  WF  t  ot  -v-  C  ^ c  J  '■O 1 
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(14) 
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Thus,  by  making  various  simplifying  assumptions,  the  problem 
has  been  reduced  from  a  solution  of  equations  (1)  to  (7)  into  that 
of  a  single  partial  differential  equation  (12).  Because  of  the 
highly  non-lincar  nature  of  the  above  partial  differenti  equation, 
we  employ  a  numerical  method  for  its  solution,  namely,  the  Crank- 
Nicholson  scheme (^ ' . 


Note  that  the  initial  conditions  for  the  temperature  as  well 
as  the  oxidizer  and  fuel  mass  fractions  are  discontinuous.  For 
starting  any  integration  scheme  numerically,  we  have  to  provide  a 
continuous  profile.  In  order  to  do  so,  we  drop  the  reaction  term 
altogether  and  obtain  an  analytic  solution  for  equations  (12).  As 
long  as  t  is  chosen  small  enough  such  that  the  chemical  reaction 
term  is  negligible,  this  analytic  solution  is  an  accurate  initial 
profile.  There  is  an  additional  difficulty  encountered  during  the 
initial  stages  of  the  computation.  It  is  related  to  the  evaluation 
of  Yp  from  Eq.  (14).  Since  is  known  very  accurately  from  its 
analytic  expressions  given  in  equations  (11a,  b,  c),  and  Y  is  being 
computed  by  using  finite  difference  approximation,  Y„  obtained  from 
equation  (14)  turns  out  to  be  negative  at  some  mesh  points  in  the 
initial  steps  of  computations.  Therefore,  we  are  forced  to  solve 
for  all  the  three  profiles,  namely,  Y  ,  Y_,  and  T  in  zone  II  by 
making  use  of  the  respective  differential  equations  for  a  few  initial 
time  steps.  The  calculations  are  still  proceeding  and  the  results 
will  be  reported  in  the  near  future. 
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c.  1  1  ir.c  rt.rc.uiir.i  -vc-r  I,un:id  Fuel  Surfaces. 

F..irl^  analysis  by  Hi  assn  .in  md  Hansel^  of  the  problem  of  a 
tw  )-d  imem>  1  »n.il  llame  spreading  across  a  horizontal  fuel  surface 
led  to  the  concept  that  two  different  mechanisms  could  prevail. 
The  determination  of  the  controlling  mechanism  depended  upon  the 
relationship  of  the  liquid  fuel  temperature  to  its  flash  point 
temperature.  At  temperatures  above  the  flash  temperature,  a 
combustible  mixture  exists  above  the  liquid  surface.  After 
ignition,  a  flame  would  propagate  through  the  combustible  mix¬ 
ture  parallel  to  the  surface  in  a  similar  fashion  to  premixed 
laminar  flame  propagation.  In  this  case,  a  gas  phase  mechanism 
is  controlling. 

On  the  other  hand,  in  the  second  case,  where  the  fuel  tempera 
ture  is  below  the  flash  temperature,  a  liquid  phase  mechanism 
prevails.  Here,  the  flame,,  in  order  to  propagate,  must  contin¬ 
ually  heat  the  liquid  in  front  of  it  to  the  flash  temperature. 

If  radiation  were  not  important,  as  is  the  case  for  many  fuels, 
then  heat  transfer  must  occur  by  conduction  and/or  convection. 

For  the  temperature  range  of  interest,  (and  for  typical  hydro¬ 
carbon  fuels),  the  thermal  conductivity  of  the  gas  ahead  of  the 
flame  varies  between  a  value  substantially  less  than  the  thermal 
conductivity  of  the  liquid  and  a  value  of  the  same  order  as  the 
liquid  value.  The  convection  in  the  gas  phase  due  to  buoyancy 
would  be  in  a  direction  opposite  to  the  flame  propagation  di¬ 
rection  and,  therefore,  would  be  adverse  to  propagation  of  the 
flame.  It  will  be  argued  later  that  the  convection  in  the 
liquid  phase  has  the  proper  direction  and  is  typically  several 
orders  of  magnitude  larger  than  conduction.  For  these  reasons, 
convection  in  the  liquid  phase  (if  radiation  were  negligible) 
would  be  the  rate-controlling  mechanism  when  the  liquid  tempera¬ 
ture  is  initially  below  the  flash  temperature. 

The  present  study  has  concentrated  on  this  second  case  and, 
therefore,  the  liquid  flow  has  been  analyzed  here^2).  Glassman 
and  Hansel showed  experimentally  that  flow  is  induced  by  the 
spreading  flame  and  the  liquid  viscosity  influenced  the  flame 
spreading  rate,  since  these  subsurface  flows  are  believed  to 
govern  the  heat  transfer  within  the  liquid,  it  is  important  to 
completely  understand  their  character  and  their  effect  on  the 
ignitability  of  liquids  and  the  flame  spreading  rates.  This 
paper  contains  the  treatment  of  an  uncoupled  problem  where  the 
gas  phase  phenomena  and  the  energy  transfer  from  the  gas  to  the 
liquid  is  ignored.  Rather  than  determining  the  flame  spreading 
rate  as  an  eigenvalue  of  the  problem  which  requires  the  above 
information,  the  flame  spreading  rate  is  presently  taken  as  a 
parameter  and  the  hydrodynamics  are  then  studied. 
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Tho  critical  factor,  in  the  proposed  mechanism  is  a  variatior 
in  the  surface  tension  caused  by  the  surface  temperature  variation 
due  to  the  spreading  flame.  The  temperature  decreases  and  the 
surface  tension  increases  with  the  distance  upstream  of  the  flame 
front.  This  variation  of  the  surface  tension  amounts  to  a  stress 
by  which  the  surface  liquid  is  pulled  away  from  the  flame  front. 
Thus,  hot  liquid  is  carried  forward  in  the  direction  of  propaga¬ 
tion  and  energy  is  transported  by  convection.  This  convective 
transfer  is  often  much  greater  than  conductive  and  radiative 
transfer,  and  results  in  spreading  rates  orders  of  magnitude  greater 
than  those  achieved  with  flames  spreading  over  solid  surfaces. 
Surface-tension-driven  flows  have  been  studied  by  many  investi¬ 
gators  for  non-reactive  cases.  See,  for  example,  Reference  3. 

At  the  surface,  the  stress  resulting  from  the  variation  of 
surface  tension  equals  the  viscous  stress;  that  is,  with  the  super¬ 
script  bars  indicating  dimensional  quantities,* 


where  /J.  is  viscosity,  U.  is  the  horizontal  velocity,  <5*  is 
the  surface  tension,  and  x  and  y  are  the  horizontal  and  verti¬ 
cal  dimensions,  respectively.  If  E  is  a  characteristic  di¬ 
mension  of  the  viscous  layer  (see  the  las_t  equation) ,  the 
characteristic  fluid  velocity  tj.  =  O  .  Note  that  for 

shallow  pools,  H  is  the  pool  depth  and,  _for  deeper  pools,  a 
boundary  layer  occurs  at  the  surface  and  h  represents  the  boundary 
layer  thickness.  The  theoretical  analyses  is,  therefore,  de¬ 
scribed  under  two  separate  headings.  In  Section  C-I,  we  deal  with 
fully  developed  flow,  while  Section  C-II  concerns  with  deep  pools 
of  fuel. 

C-I.  Shallow  Pools. 

Of  particular  interest  is  an  estimate  of  the  relative 
magnitudes  of  energy  convection  and  energy  conduction  in_the  x  - 
direction  jwithijn  the  liquid.  One  must  then  compare  ■u.Jvr/ax) 
and  3C  (e?"T  /  3  X 1  )  ,  where  T  is  temperature  and  ut  is  the 

thermal  diffusivity .  This  procedure  implies  that  the  dimension¬ 
less  quantity,  -CL  Ax  /  ot,  ,  a  peclet  number,  be  compared  to  unity. 


*Later,  the  lack  of  bars  will  indicate  nondimensional  quantities. 
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where  AX  is  the  thickness  of  the  thermal  wave  in  the  x  - 
direction.  The  convection  is  much  greater  than  the  conduction 
in  the  x  -  direction  when  (+\.  a.?  /m. at.)  is  a  number  large  com¬ 
pared  to  unity. 

Consider  the  case  in  which  the  above  Peclet  number  for 
horizontal  flow  is  large.  The  ratio  of  the  vertical  conductive 
heat  transfer  to  the  horizontal  conductive  heat  transfer  must  be 
of  the  order  of  (  &  oc  /  .  Since  the  vertical  conductive 

heat  transfer  must  essentially  be  balanced  by  the  induced 
horizontal  convective  heat  transfer,  the  implication  is  that 


vertical  conduction  \ 
horizontal  conduction 


horizontal  convection^ 
horizontal  conduction; 


It  follows  that 


=  o 


/■  —  J - 

(  ^  0" 

\  Al 


where  the  quantity  on  the  right  hand  side  of  the  equation  is  re¬ 
ferred  to  as  the  Marangoni  number,  a  Peclet  number  based  on  a 
sur face-tens  ion-induced  velocity.  It  follows  that  this  number  is 
large  compared  to  unity.  These  relations  determine  the  order  of 
magnitude  of  the  x  -  scale  over  which  the  hydrodynamics  should  be 
examined . 

It  is  shown  later  that  the  surface  convection  velocity_ 
near  the  flame  is  of  the  order  of  the  characteristic  velocity  U  . 
This  velocity  is  found  exper imentally  to  be  of  the  same  order  as 
the  propagation  velocity  v  so  that  the  Maranqoni  number  could 
be  approximated  by  V  -<v  /  d.  .  Most  organic  fuels  have  a  thermal 
diffusivity  of  approximately  0.0008  cm^/sec.  Thus,  in  the  study 
by  MacKinven,  Hansel  and  Glassman^)  whe^e  typically  the  fuel 
depth  was  0.4  cm  and  the  propagation  velocities  were  of  the  order 
of  3  cm/sec  (at  23°C)  the  Marangoni  (Peclet)  number  is  of  the  order 
of  1500.  In  the  work  of  Burgoyne  and  Roberts^)  a*-  23°C  and  with 
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a  fuel  depth  of  0.25  cm,  the  estimated  Marangom  numbers  are  125 
fcr  hexanol,  200  for  isopentanol,  and  875  for  butanol.  The 
M.  angoni  numbei ,  as  developed  here,  must  be  the  iotic  of  what 
Burgoyne  and  Roberts^)  call  the  ratios  of  the  appropriate 
effective  thermal  conductivities  to  the  actual  thermal  conduc¬ 
tivities  in  the  horizontal  and  vertical  directions,  respectively. 
Indeed  calculation  of  this  ratio  of  their  ratios  gives  about 
exact  correspondence  as  it  should.  However,  one  must  note  that 
in  reality  the  Marangoni  is  proportional  to  the  square  ro'-t  of 
the  ratio  of  the  horizontal  convection  (effective  horizontal  con¬ 
duction)  to  the  vertical  conduction. 

C-I-l.  Hydrodynamic  Analysis: 

Consider  now  the  hydrodynamic  problem  only. 

If  a  frame  of  reference  is  fixed  to  an  advancing  heat  source,  a 
steady-state  problem  occurs.  There  are  four  forces  of  interest 
in  this  problem:  inertial,  gravity,  viscous,  and  surface  tension 
forces.  Therefore,  three  independent  similarity  parameters  may 
be  found.  Consider  these  to  be  the  Reynolds  number  (R),  Froude 
number  (F),  and  Hi  =  (£  5^  /  m.  CC  )  where  "crs  is  some  repre¬ 
sentative  value  of  the  stress  due  to  surface  tension.  (Typically, 
the  maximum  value  might  be  used  here).  For  surface-tension-driven 
flows,  the  order  of  magnitude  of  the  velocity  is  determined  by  a 
balance  between  the  surface-tension  force  and  the  viscous  force 
at  the  surface.  Therefore,  N,=l  in  the  case  under  consideration 
and  only  two  parameters  are  or  interest.  Conveniently,  they  are 
taken  to  be  R  and  N  =  R/F2N,  =  R/F2  which  are  the  ratio  of  inertial 
to  viscous  forces  and  the  ratio  of  gravity  to  surface-tension 
forces,  respectively. 

The  velocities  are  nondimensionalized  by  the 
characteristic  velocity  U,  the  space  dimensions  by  the  undisturbed 
liquid  depth  h,  the  pressure  by  the  change  in  pressure  across  the 
undisturbed  liquid  fuel  layer  and  the  surface  stress  by  the  char¬ 
acteristic  value  ai~~  .  Under  these  conditions,  the  equations 
of  motion  in  nondimensional  form  become 

Continuity: 


Horizontal  Momentum: 


-V  \T 
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Vertical  Momentum: 


C u- 

0O; 

=  A  V  — 

\ 

3X 

/ 

where  u  and  v  are  the  horizontal  and  vertical  components  of 
velocity  and  p  is  the  pressure.  &  specifies  the  Laplacian 
operator.  Buoyancy  effects  are  not  of  interest  (since  the 
liquid  is  heated  from  above)  and  density  variation  with  tempera¬ 
ture  can  be  neglected.  In  this  manner,  the  energy  equation  has 
been  uncoupled*  from  the  equations  which  govern  the  dynamics  of 
the  liquid. 


The  boundary  conditions  are  now  considered. 
If  ^  is  the  local  height  of  the  fuel  pool  and  if  (cl^/a.*)  is 
small  compared  to  unity,  the  surface  boundary  condition  in  non- 
dimensional  form  is  that 


(4) 


at  wj  ='5(i'x).  With  (el's  |  Ax')  small,  the  shear  at  the  surface 
is  considered  to  be  in  the  x-direction. 


The  solid  surface  at  the  bottom  of  the  pool 
is  now  moving  in  a  frame  of  reference  fixed  to  the  flame.  If  "V  is 
the  absolute  value  of  the  spreading  rate  and  if  the  positive  x- 
is  forward  of  the  flame,  the  no-slip  condition  implies 


-u.  =  -N- 


(5) 


at  y  =  o  (which  is  the  bottom  surface). 

In  the  problem  of  practical  interest,  N  »  1 
implies  that  the  gravity  force  is  much  larger  than  the  surface 
tension  force.  In  this  case,  the  vertical  momentum  equation  (3) 
becomes 


which  has  the  solution 


t  ~  to  ^  W  ~  M 


(6) 


★  ,  _ 

Since  the  surface  tension  is  temperature  dependent,  this  state- 

ment  may  be  misleading.  Therefore,  the  energy  equation  is 
coupled  to  the  boundary  condition  on  the  dynamic  equations. 
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is  the  surface  pressure  and  neglecting  effects  due  to  gas- 
phase  convection,  capillarity,  and  vaporization,  it  may  be  assumed 
to  be  independent  of  x  and  equal  to  the  ambient  pressure.  It 
follows  that 


and  the  horizontal  momentum  equation  [Equation  (2)]  becomes 


R  ("•  TT  ^  N  ^ 

(7) 

If  is  small,  as  has  been  considered  al¬ 
ready,  then  (v/-  /  \x)^  =  ^at  surface)  also  should  be  small.  Since 
(\r/-w)  =  OC'Jjc.).  it  would  be  expected  that  (c>v-|a^)  =  0^*J*.)and, 
from  Equation  (1 ) ,  fix’)  —  o  1?*.y  Considering  the  non- 

dimensional  velocity  u  to  be  of  order  unity,  the  first  two 
(inertial)  terms  on  the  left-hand-side  of  Equation  (7)  are  of 
the  order  of  R  •  For  low  Reynolds  number  flow,  these  two 
terms  are  negligible  compared  to  the  third.  Also,  (23“^-/  e>  is 
negligible  compared  to  (^3 *“^-/o'ax)  so  that  Equation  (7)  becomes 


(8) 

It  is  not  necessary,  however,  to  assume  small 
Reynolds  number  compared  to  unity  to  obtain  Equation  8.  Suppose 
the  Reynolds  number  were  large  compared  to  unity,  but  small 
compared  to  N;  then  the  above  approximations  are  valid  and 
Equation  (8)  is  obtained.  This  reasoning  applies  to  the  case  of 
fully-developed  flows  where  the  velocity  profile  "fills"  the  total 
depth  of  the  pool.  In  this  sense,  it  is  similar  to  the  cases 
of  Couette  and  Poiseuille  flows  where  the  inertial  terms  dis¬ 
appear  exactly  and  a  balance  between  pressure  and  viscous  forces 
remain.  In  the  present  case,  the  inertial  terms  do  not  disappear 
exactly  but  only  approximately.  However,  the  approximate  re¬ 
lation  [Equation  (8)3  represents  a  balance  between  the  pressure 
(due  to  hydrostatic  head)  and  the  viscous  forces. 

If  the  flow  were  not  fully-developed,  but 
rather  a  boundary  layer  existed  near  the  surface,  the  characteristic 
dimension  would  no  longer  be  the  pool  depth.  Rather,  it  would  be 
the  boundary  layer  thickness  and  the  above  order  of  magnitude 
analysis  and  the  resulting  form  of  Equation  (8)  would  no  longer 
be  valid. 


Equation  (8)  implies  that  the  slope  of  the 
surface  is  of  the  order  of  1/N.  It  is  now  seen  that  assuming 
N  large  and  small  are  consistent. 

The  solution  of  Equation  (8)  with  the  boundary 
conditions  given  by  Equations  (4)  and  (5)  is  readily  found  to  be 

^  =  N  ^  ^  C-xm-s)  -v 

(9) 

It  follows  from  the  previous  discussion  that  the  vertical  velocity 
component  is  negligible. 

Before  the  velocity  and  pressure  may  be 
evaluated  from  Equations  (6)  and  (9),  ^  must  be  determined. 

5  is  found  by  applying  the  principle  of  conservation  of  mass 
in  a  manner  following  Landau  and  Lifschitz  #  Since  the  flow 
at  infinity  is  at  rest  in  the  laboratory  frame  of  reference,  it 
is  in  uniform  motion  in  the  frame  of  reference  moving  with  the 
flame.  The  phenomenon  is  a  steady  one  (on  such  a  frame)  and, 
if  the  vaporization  rate  is  negligible  compared  to  the  velocity 
u  ,  there  can  be  no  change  in  the  mass  flux  with  the  position  x. 
That  is,  the  upper  portion  of  the  liquid  moves  in  direction  of 
the  flame  propagation  (or  at  reduced  speed  in  the  opposite 
direction)  and  the  lower  portion  moves  in  the  opposite  direction 
in  such  a  manner  that  the  integral  over  the  cross-section  is 
invariant  with  the  position  x  .  Thi.f,  integral  condition  from 
Equation  (9)  yields  the  conditio"*  r,:i  ^  .  In  particular, 

S 

5  ^  =  -  V  =  -v  — -fc  N  L  *  V5 

c 

or 

) 


(10) 

where  the  undisturbed,  nondimensional  depth  =  L  .  Equation 

(10)  may  be  regarded  as  an  ordinary  differential  equation  which 
governs  *j(.x)  . 


= 


4^  + 

2.  x  TJ  *• 


A  series  solution  of  the  form 
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Eq^atlon  f1?)*  Substitution  of  this  series  into 
equation  (10)  and  separation  according  to  powers  of  1/N  yields 


—  o 


’io  V 


'l, 


=  V 


C-S-  -  ill') 

v  £ I 


(12a) 


(12b) 


(12c) 


and  so  forth. 


.  Since  the  boundary  condition  on  the  first 
or  er  differential  equation  is  ?  (.cn)  —  i  ,  it  follows  that 

1  ®nc?  ?./•**)  =  "5  J-®*)  ■=  o  .  The  solution  to  Equation 
(12a)  is  now  obviously  —  i  and  Equation  12b  becomes 

U  =  ^ 

which  has  the  solution 

—  —■  [V C*.)  —  er^C^A  m  5-6' r'C’O 

(13) 

Now,  Equation  (12c)  becomes 

which  has  the  solution 

'xT^x-'>  =•  -  \  $  tWCx')*x'  > 


obtains 


C-I-2.  Results  and  Discussion. 

Combining  Equations  (11),  (13),  and  (14),  one 


+  o(V) 


(15) 
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The  surface  height  increases  with  distance  upstream  of  the  flame 
as  shown  in  Figure  1  and,  through  the  hydrostatic  effect,  leads 
to  a  pressure  gradient  that  resists  the  motion  induced  by  the 
surface  tension. 


It  is  interesting  that  the  spreading  rate 
has  no  direct  influence  on  the  surface  slope  until  second  order 
terms  are  reached.  Neglect  of  these  second  order  terms  and  sub¬ 
stitution  into  Equations  {6)  and  (9)  yields 


*  = 


(16) 


and 


•U  =  (lr  \  i)  <r  -  \  +  C(-k) 


(17) 


In  particular,  at  the  surface,  y  =  1  + 

•VA.  =  ±  Ot  -V 

A- 


and 


(18) 


It  is  seen  that,  if  the  surface  tension 
gradient  <r^  is  large  enough  (and  positive),  there  will  be  con¬ 
vection  of  the  liquid  near  the  surface  in  the  direction  of  flame 
propagation  (see  Figure  1),  However,  sufficiently  far  in  front 
of  the  flame  <.r’v.  will  be  small  and  the  relative  velocity  near 
the  surface  must  be  in  an  opposite  direction  to  the  flame  propa¬ 
gation.  The  implication  is  that  a  stagnation  point  must  lie 
somewhere  along  the  surface  ahead  of  the  flame.  Actually,  the 
analysis  cannot  apply  in  the  vicinity  of  this  point  since  both 
components  of  velocity  become  of  the  same  order.  The  pressure 
variation  given  by  Equation  (16)  is  due  to  the  hydrostatic  effect 
while  the  velocity  variation  given  by  Equation  (17)  is  parabolic. 
Note  that  the  flame  spreading  rate  does  influence  the  velocity 
to  lowest  order  even  though  the  surface  slope  and  the  pressure 
are  not  affected  until  higher  order. 


In  those  cases  where  (cVj.^  is  not  considerably 
smaller  than  V  ,  Equation  (18)  justifies  the  previous  statement 
that  U  is  the  characteristic  velocity.  The  experimental  study  by 
MacKinven,  Hansel  and  Glassman^J  shows  that  V  =  2.9  cm/sec  for 
4  mm  of  decane  at  a  bulk  temperature  of  23°C.  (See  their  Figure  8.) 
The  gradient  of  surface  tension  with  temperature  for  decane  is 
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0.1  dyne/cm°C.  The  temperature  gradient  ahead  of  the  flame  is 
estimated  to  -  2.0°C/cm.  This  value  is  determined  from  the 
lergth  of  the  precursor  flame  (2.5  cm);  the  forward  end  of  the 
precursor  is  thought  to  be  the  flash  point  (45°c)  and  the  front 
of  the  established  flame  is  the  fire  point  (50°C).  The  liquid 
viscosity  of  decane  at  45°C  is  0.67  x  1CT2  dyne  sec/cm2.  Thus, 
for  4  mm  of  decane,  one  calculates  C*7'*-/'*)  to  t>e  2.5  cm/sec. 
Considering  the  difficulties  of  estimating  the  temperature 
gradient  ahead  of  the  flame,  one  can  only  conclude  from  the 
above  calculation  that  and  V  are  of  the  same  order  and 

that  the  proper  characteristic  velocity  was  assumed  in  the 
analysis . 


The  present  analysis  may  be  considered  as  an 
extension  of  the  analysis  of  Landau  and  Lifschitz^3)  in  two  ways: 

(1)  the  effect  of  the  relative  motion  between  the  surface  tension 
profile  and  the  bottom  surface  of  the  pool  has  been  included  and 

(2)  the  analysis  is  not  limited  to  Reynolds  number  small  com¬ 
pared  to  unity.  This  second  point  is  the  more  important  one 
since  for  flame  spreading  problems,  even  for  very  shallow  pools, 
the  Reynolds  number  will  be  much  larger  than  unitv.  Indeed,  in 
the  experiments  of  MacKinven,  Hansel  and  Classman the  Reynolds 
number  based  on  the  fuel  height  is  found  to  be  of  the  order  of 

25  for  the  minimum  fuel  depth  at  which  the  flame  will  propagate. 

For  a  4  mm  depth  it  is  of  the  order  of  100.  Thus,  N  =  R/F2 
becomes  approximately  1000. 

It  must  be  realized,  however,  that  the 
Reynolds  number  has  been  assumed  here  to  be  sufficiently  small  to 
consider  the  flow  as  fully-developed  in  the  length  scale  of 
interest.  This  assumption  may  he  somewhat  over-restrictive  since 
the  depth  will  be  limited  to  very  low  values.  In  fact,  for  many 
fuels  ignition  may  not  be  possible  with  these  shallow  pools.  For 
this  reason,  the  results  of  the  present  analysis  should  be  used 
only  as  a  guide  to  the  understanding  of  the  hydrodynamic  phenomenon. 
They  should  not  be  expected  to  compare  too  closely  with  the  ex¬ 
perimentally  measured  profiles,  but  rather  to  give  only  certain 
qualitative  agreement. 

In  most  cases,  the  Reynolds  number  based  upon 
pool  depth  would  be  so  large  that  fully-developed  flow  could  not 
be  assumed.  Instead,  a  boundary  layer  would  exist  near  the  sur¬ 
face  and  the  nonlinear  inertial  terms  in  the  momentum  equation 
must  be  retained. 


The  demonstration  that  liquid-phase  convective 
heat  transfer  in  the  direction  of  flame  propagation  can  occur  is 
sufficiently  encouraging  to  warrant  further  study  of  the  phenomenon 
as  a  plausible  rate-controlling  mechanism  for  flame  propagation. 
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C-II.  Deep  Pools 

The  model  proposed  by  sirignano  and  Glassman^  and 
described  in  detail  in  Section  C-X  has  been  extended  to  the  case 
of  high  Reynolds  number.  The  analysis  is  not  complete,  and  some 
of  the  results  obtained  thus  far  are  given  below.  A  schematic 
description  of  the  flow  field,  convenient  for  the  present  analysis, 
is  given  in  Figure  2. 


C-II-1 .  Governing  Equations 


We  employ  the  Boussinesq  approximation,  which 
amounts  to  the  neglect  of  variations  of  density  except  in  the 
buoyancy  terms.  This  assumption  that  fluctuations  in  density  occur 
principally  as  a  result  of  thermal,  rather  than  pressure,  variations 
is  a  reasonably  good  approximation  for  small  temperature  differences 
in  the  case  of  a  liquid.  Then,  the  equations  describing  the  oundary 
layer  flow  near  the  surface  of  a  pool  of  liquid  fuel,  may  be  ex¬ 
pressed  as  follows ' ' * : 

continuity 

(t^)  *V  (  %t)  =  °  (19) 


x-component  of  momentum 


-  v-Ut) 

=  -  v  (H:)  " 

y-component  of  momentum 

S', 

=  o 

(21) 

energy 

-US)  --US) 

i  —  ^  -+*  (It) 

(22) 

Here  x  and  y  denote, 

respectively,  the 

distances  measured 

along 

the  liquid  fuel  surface  and  at  right  angles  to  it,  while  u  and 
v  are  the  components  of  the  velocity  in  the  x-  and  directions 

respectively  (see  Figure  2).  T  represents  the  temperature  of  the 
liquid  fuel,  and  TM  is  its  initial  (or  unheated)  value.  %  and 
p  denote,  respectively,  the  density  and  the  pressure  in  the  liquid. 

,  k  ,  and  p>  are,  respectively  the  kinematic  viscosity 
(=  ^1 V  ),  the  thermal  diffusivity,  and  the  volumetric  expansion 
coefficient  of  the  liquid.  Finally,  g^  and  g  denote  the  x-  and 
y-  components  of  the  acceleration  due  to  gravity  (g). 


First  of  all,  we  will  show  that  for  small  scale 
fires  as  well  as  small  curvature  of  the  liquid  surface,  the  pressure 
gradient  generated  by  the  buoyancy  term  is  negligible.  Now,  setting 
'\x.~  0  and  -  3  ,  integrating  equation  (21)  with  respect  to 

y,  and  then  substituting  for  p  in  equation  (20),  we  get 


(23) 


-138- 


where  we  have  made  use  of  the  fact  that  p(y  =  o)  is  equal  to  the 
constant  atmospheric  pressure  to  which  the  liquid  surface  is  exposed. 
In  order  to  determine  the  order  of  each  term  in  equation  (23),  we 
define  the  following  nondimens ional  variables 


3C  -  I  ,  \a 

H  =4S-UlO  ,  ^ 

Q  =  /Ct; 


«  W|  VF) 

=  CH  vf) 


where  L  and  VF  represent  some  characteristic  length  and  velocity 


respectively.  Re  =  v>  I.  j  /*)  is  the  Reynolds  number.  T 
the  temperature  of  the  liquid  fuel  near  the  flame  front, 
substitutions  in  equation  (23)  from  equations  (24),  we  get 


denotes 

Making 


All  terms  in  equation  (25)  are  now  of  unit  order  except  for  the 
first  term  on  the  right  hand  side  whose  coefficient  is  equal  to 
(Gr/(Re)5' 2] ,  where  Gr  s  CD  ~  T»«)  ^  /  /°-1*  3*  is  the 

Grashof  numLer.  Identifying  vF  with  the  steady  flame  propagation 
speed  and  using  the  data  for  n-decane,  we  find  that  for  - 

(T  -Tj.  )  «  50°C,  [Gr/(Re)5/2J  1  as  long  as  L  <  1  (Terns. 

InmSther  words,  we  can  altogether  drop  this  term  from  equation  (25) 
for  small  scale  fires,  and  equation  (20)  then  becomes 

^  5=55  V  (26) 


Equations  (19),  (21),  (22),  and  (26)  are  subject  to  the  following 
boundary  conditions 

At  y  =  o  u  =  o 

=  -  (Ac*/ A*.) 

T(x,o)  is  a  specified  function  (27) 

At  y  =  oo  u  =  Vp 

T(x,  90)  = 

Note  that  the  momentum  equation  (26)  is  now  coupled 
to  the  energy  equation  (22)  only  through  the  dependence  of  surface 
tension  on  temperature.  We  have  determined  similar  as  well  as  non¬ 
similar  velocity  profiles  valid  upstream  of  the  stagnation  point  as 
described  next. 


C-II-2.  Results  and  Discussion. 


(a)  Similar  Flow:  Similarity  in  velocity  profiles 
is  achieved  when  surface  tension  varies  as  the  square  root  of  x  , 
or  more  precisely, 

cr1  =  <r*c  -  c  x.  (28) 


where  <r^  denotes  the  magnitude  of  the  surface  tension 
coldest  end  of  the  liquid  fuel  surface  (T  =  Too  for  x. 
.c  is  a  known  constant.  The  similarity  variables  for 
are  defined  as  '  ' ' 


n 


and 


Hn)  = 


at  the 
5:  o  ) ,  and 
this  case 


(29) 


where  the  stream  function,  (x ,  y),  satisfies  the  equations 


-u.  •=  and  U-  ■=-  (30) 


such  that  the  continuity  equation  (19)  is  automatically  satisfied. 
The  momentum  equation  (26)  and  the  relevant  boundary  conditions  of 
equations  (27)  now  become 


f  (.*-) 


lu 


o 


•c 


C*^>)  — 


(31) 


Here  prime  denotes  differentiation  with  respect  to  ^ 


we  have  obtained  numerical  solutions  of  equations 
(31)  for  different  values  of  -c  ,  and  the  results  are  shown  in 
Figure  3.  <  is  essentially  a  measure  of  the  surface  tension  gradient, 

and  the  larger  its  value  the  greater  is  the  reduction  in  the  surface 
velocity  or,  in  other  words,  the  faster  is  the  flame  propagation. 

(b)  Non-similar  Flows:  In  order  to  consider 
arbitrary  surface  tension  variations,  we  employ  an  integral  approach 
suggested  by  von  Karman'').  We  have  so  far  determined  only  the 
velocity  profiles,  and  the  details  of  the  analysis  are  given  next. 

Let  us  assume  that 

(Jfc-)  =  =•  +  -MB*1 

=  l  f «  (.f)  9  L  <32> 

Here  $  denotes  the  viscous  boundary  layer  thickness,  and  a,  b,  c 
and  d  are  unknown  quantities,  which  are,  in  general,  functions  of 
x.  Besides  the  boundary  conditions  given  in  equations  (27),  we 
have  some  additional  continuity  conditions  at  y  =  S  ,  namely, 
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From  equations  (27),  (32),  and  (33),  we  get 


l 


CH3) 


«  (Hi) 


Therefore,  equation  (32)  becomes 

Wr'  ,  .  ^ 

Note  that  S  may  be  a  function  of  x  and  is  still  an  unknown 
quantity.  Followinq  von  Ka'rma'n,  we  can  easily  derive  the  momentum 
integral  equation  from  equation  (19)  and  (26),  namely, 


<  ^ 


+  \c xx;  — 

where  0,  the  so-called  momentum  thickness,  is  given  by 

■3-*  V 


combining  equations  (36)  and  (38),  we  get 


ft  -GDO-Stt 


Making  use  of  one  of  the  equations  (27)  in  equation  (37),  and  then 
integrating,  we  obtain 


=  [  0*. -o')  / 


where  refers  to  the  initial  (or  unheated)  state  of  the  liquid 

fuel  such  that  eo  at  this  station  (  x  =  o  )  may  be  set  at  zero. 
Combining  equations  (34),  (39),  and  (40),  we  get  an  algebraic 
equation  for  b  ,  that  is 

b*  -  +  43  2  (a,s|ck-x.)  =  o 


where  21  =r  — t1)  /  VJt  ,  a  graphical  plot  of  b  vs. 

2;^eV.2/eioO  is  shown  in  Figure  4.  For  each  value  of 
21  (,  cX'SL  I  cV.x.)  Ies3  than  0.34,  there  exists  three  possible  values 
for  b  .  Note  that  the  governing  equations  are  the  same  whether 
the  surface  tension  decreases  or  increases  in  the  direction  of  the 
initial  flow.  Of  course,  the  surface  tension  gradient  changes  sign. 
Thus,  the  negative  values  of  b  correspond  to  the  case  in  which 
the  surface  tension  accelerates  the  initial  flow,  and  is  not  of 
any  interest  in  the  present  investigation.  When  b  ^  3.0,  we  get 
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a  reduction  in  the  surface  velocity  depending  on  the  magnitude  of 
b  at  that  station  x  ,  and  the  velocity  profile  then  approaches 
its  initial  value  at  the  edge  of  the  boundary  layer.  For  b>3.0, 
the  fluid  at  the  surface  moves  in  a  direction  opposite  to  the  initial 
velocity,  and  finally  approaching  the  latter  near  the  boundary  layer 
edge.  This  portion  of  the  curve  is  still  under  investigation  be¬ 
cause  we  feel  that  the  downward  trend  of  the  curve  for  b  >3.5 
might  be  a  consequence  of  the  assumption  of  a  third  degree  polynomial 
for  (  u/Vj,)  [see,  equation  (36)].  lie  can  check  its  accuracy  by  con¬ 
sidering  higher  order  polynomials . 


Note  that,  when  G-’  is  proportional  to  .JSc  ,  as 
explicitly  specified  in  equation  (28),  TL  |  cfx.)  becomtJ  a  con¬ 

stant,  and  equal  to  <5-  .  It  is  then  possible  to  compare  the  results 
of  the  'similar  limit'  of  the  integral  method  with  the  exact  com¬ 
puter  calculations  as  described  in  subsection  (a).  For  this  purpose, 
it  is  interesting  to  compare  the  surface  velocity  , 

the  displacement  thickness  (  5  ),  and  the  momentum  thickness  (9). 

The  displacement  thickness  is  defined  as  follows 

^ =  X('~^  ^  ««) 


The  results  of  the  calculations  are  summarized  in  Table  I. 


Table  I  Comparison  of  the  'similar  limit'  of  the 

integral  method  (I)  with  the  exact  computer 
results  (II). 


c 

b 

('U./Vp) 

\  1  t-^-o 

(ue|xv),aS* 

(TAe|x^)v,ie 

I 

II 

I 

II 

I 

II 

0.36 

0.88 

0.869 

ra 

0.153 

•0.142 

0.141 

0.2 

0.748 

0.751 

0.724 

ESI 

0.338 

0.283 

0.283 

0.3 

1.18 

0.607 

0.555 

0.547 

0.576 

0.424 

0.424 

0.4 

1.68 

0.44 

0.338 

0.832 

0.938 

0.565 

0.566 

0.45 

1.974 

0.342 

0.171 

1.021 

1.278 

0.637 

0.636 

0.4696 

2.1 

0.3 

0 

1.107 

1.721 

0.664 

0.664 
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From  Table  I,  we  can  conclude  that  the  agreement  is 
fairly  good  but  deteriorates  as  we  approach  the  stagnation  point. 
Again,  the  accuracy  might  be  improved  by  including  higher  order 
polynomials,  it  must  also  be  remembered  that  in  integral  approaches, 
the  integrated  variables  like  and  e  are  determined  more 
accurately  than  the  quantities  referring  to  a  point.  The  details 
concerning  the  temperature  field  are  still  under  investigation. 
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density  of  the  main  stream  of  air 

initial  density  of  the  liquid  before  heating 

density  at  the  fuel  surface 
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Part  III.  Ignition  of  Pools  of  Liquid  Fuel 

(M.  Summerfield  (Principal  Investigator),  H.  Isoda,  J.  F. 

Lamendola,  R.  J.  Murad,  B.  W.  MacDonald,  E.  G.  Plett)* 

A.  Introduction 

A. 1  General  Background 

The  study  of  ignition  of  pools  of  liquid  hydrocarbon 
fuels  was  prompted  as  early  as  World  War  I  when  investigations 
on  various  causes  of  accidental  aircraft  crash  fires  and  fuel 
spillage  were  undertaken  in  England  and  the  United  States'^-'. 

The  early  investigations  considered  reports  on  actual  crasnes  in 
the  fields,  but  in  subsequent  studies,  and  particularly  after 
World  War  II,  full-scale  experiments  were  carried  out  simulating 
aircraft  crash  fires  under  "controlled"  conditions  so  as  to  pro¬ 
duce  actual  data  and  film  sequences'2^.  Most  of  these  experiments 
pointed  out  that  the  possible  causes  of  fires,  aside  from  the 
m^ghanical  defects  in  engine  design  and  other  vital  fuel  system 
components,  are: (3) 

a)  the  impingement  of  fuel  or  lubricants  on  hot 
surfaces ; 

b)  the  presence  of  an  adjacent  spark,  flame,  or  incan¬ 
descent  filament? 

c)  ignition  in  a  fuel  tank  containing  an  inflammable 
air  vapor  mixture  by  electric  discharge  or  incen¬ 
diary  bullet. 

Laboratory  experiments  simulating  situation  (a)  were 
conducted  for  many  fuels  and  lubricants.  A  meaningful  safety 
parameter  determined  in  these  experiments  is  the  autoignition 
temperature ) ,  defined  as  the  minimum  temperature  at  which  a 
fuel-air  system  will  spontaneously  ignite.  The  lowest  igni¬ 
tion  temperatures  were  obtained  when  known  charges  of  liquid 
fuels  were  introduced  into  a  heated  container.  The  lowest 
container  temperature  which  results  in  ignition  was  recorded 
as  the  autoignition  temperature  of  the  fuel.  The  delay  time 
from  the  introduction  of  the  fuel  charge  to  its  ignition  was 
also  recorded  as  a  parameter  of  safety.  The  presence  of  sparks 
or  burning  metal  chips  due  to  friction  caused  by  crashes  on  hard 
surfaces  (such  as  runways  for  example)  were  also  shown  to  have  a 
major  role  in  starting  up  fires  in  spilled  fuel  (5).  Laboratory 
simulations  of  case  (b)  were  standardized  in  the  form  of  open-cup 
and  closed-cup  flash  temperatures.  The  closed  cup  flash  point, 

(ASTM  method  D56)  is  defined  as  the  lowest  fuel  temperature  above 
which  a  flammable  vapor  air  mixture  exists.  The  closed-cup  flash 
temperature  can  be  utilized  in  measuring  the  safety  of  fuel  stor¬ 
age  tanks,  and  ideally  it  is  closely  related  to  the  existence  of 
a  vapor  pressure  equivalent  to  the  lean  limit  of  flammability  above 
the  fuel  surface  in  the  container.  In  his  Ph.D.  thesis,  Roberts'6^ 
suggested  that  the  closed  flash  point  is  a  fundamental  property  of 
the  fuel,  and  he  gave  some  mathematical  models  that  showed  a  rela¬ 
tively  good  correlation  between  experimental  and  theoretical  values 
of  both  open  and  closed  cup  flash  points.  For  the  closed  cup,  his 
mathematical  results  gave  consistently  lower  temperatures  than  the 

★  ..... 

Dr.  S.  Piacsek,  of  the  Geophysical  Fluid  Dynamics  Laboratory,  Div. 

of  ESSA,  collaborated  on  the  numerical  analysis  of  the  preignition 
fluid  motion,  by  adapting  his  experience  with  a  corresponding  prob¬ 
lem  involving  the  atmosphere  and  ocean  when  heated  by  thi  sun. 
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experimental  values  but  always  within  5°C.  He  also  defined  the 
open  cup  flash  point  to  be  equivalent  to  "the  temperature  of  a 
liquid  surface  when  the  vapor  at  a  prescribed  height  above  the 
surface  becomes  flammable,  the  liquid  having  been  heated  in  a  pres¬ 
cribed  way".  With  this  definition  and  the  assumption  that  the 
diffusion  of  the  fuel  vapor  takes  place  up  to  a  finite  height, 
rather  than  to  infinity,  he  succeeded  in  obtaining  agreement  be¬ 
tween  the  theoretically  predicted  temperatures  and  the  experimental 
value  „  The  United  States  Institute  Commerce  Commission  determined 
that  a  ^alue  in  excess  of  80°F  by  the  method  of  open  cup  apparatus 
as  described  in  ASTM  D1310,  would  be  the  minimum  value  for  classi¬ 
fying  liquids  as  non-flammable. 

The  comparison  between  the  flash  point  and  autoignition 
temperature  revealed  a  very  interesting  phenomenon.  While  the 
flash  point  was  highly  dependent  on  the  volatility  of  fuel  and 
showed  a  tendence  to  be  lower  for  the  more  volatile  fuels,  the  auto¬ 
ignition  temperature  showed  a  tendency  to  be  lower  for  fuels  with 
lower  vapor  pressure  and  higher  molecular  weight  (8).  This  fact  gave 
rise  to  the  situation  whereby  a  volatile  fuel  such  as  benzene  would 
be  more  hazardous  than  heavy  lubricating  oils  in  the  presence  of 
an  igniting  agent  such  as  a  spark,  a  flame,  or  an  incandescent  fila¬ 
ment,  but  would  be  safer  when  spilled  on  hot  surfaces  with  the  ab¬ 
sence  of  these  igniting  agents.  Indeed,  many  engine  fires  were  at¬ 
tributed  to  the  spillage  of  lubricating  oils  on  the  engine  nacelle. 

A. 2  Other  Laboratory  Investigations 

The  compilation  of  data  on  the  autoignition  and  flash 
temperatures  of  various  fuels  gave  a  good  insight  into  the  relative 
safety  of  these  fuels.  Nevertheless,  it  was  not  adequate  to  answer 
the  fundamental  question  of  the  burning  mechanism,  and  hence  the 
study  of  the  burning  characteristics  of  pools  of  fuel  was  under¬ 
taken.  Experiments  were  conducted  to  determine  the  burning  rate 
of  volatile  fuels  in  small  and  large  trays'7'.  Such  investigation 
led  to  the  evaluation  of  the  energy  feedback  from  the  flame  to  the 
fuel  necessary  to  keep  it  evaporating  and  to  diffuse  into  the  burr 
ing  zone.  Results  of  these  experiments  showed  that  the  burning  raue 
increases  and  approaches  a  maximum  and  constant  value  with  increas¬ 
ing  pool  diameter;  the  constant  value  being  proportional  to  the  ratio 
of  the  net  heat  of  combustion  to  the  heat  of  vaporization  of  the 
fuel'8).  Experimental  work  has  been  carried  out  also  to  determine 
the  minimum  energy  required  for  sparks  and  incandescent  filaments 
of  various  sizes  to  ignite  stationary  and  flowing  combustible  gas 
mixtures'8).  Since  the  ignition  takes  place  in  the  gas  phase,  the 
contribution  of  these  tests  to  the  burning  of  liquid  fuel  is  ap¬ 
parent. 


The  studies  mentioned  above  covered  volatile  fuels  that 
ignite  and  sustain  flames  at  root,  temperature.  However,  Roberts 
and  Burgoyne(l°)  reported  on  ignition  and  flame  spreading  over  a 
bed  of  non-volatile  fuel  as  well.  They  described  such  ignition  to 
develop  in  three  stages:  "...an  induction  period  in  which  the  liquid 
is  burning  at  a  center  of  ignition;  a  transition  period  during  which 
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the  flame  spreads  from  the  center  of  ignition  but  is  still  affected 
by  events  occurring  during  the  induction  period;  and  a  propagation 
period  during  which  the  flame  spreads  across  the  surface  in  a 
manner  which  is  independent  of  events  occurring  during  the  induc¬ 
tion  period." 

Similar  work,  but  covering  mostly  the  third  period  men¬ 
tioned  above  has  been  carried  out  at  Princeton  University  under  the 
di  action  of  Professor  Glassman,  .'d  is  described  in  another  sec¬ 
tion  of  this  report.  The  results  wf  that  study  are  also  given  in 
references  11  and  12. 

A. 3  The  Current  Program 

When  the  liquid  fuel  temperature  is  above  its  closed-cup 
flash  temperature  (superflash) ,  it  is  assumed  that  a  flammable 
mixture  is  present  above  the  fuel  surface.  In  this  case,  the  treat¬ 
ment  of  the  ignition  problem  is  very  much  similar  to  that  of  ignition 
in  pre-mixed  combustible  gases  which  has  been  widely  studied  and  a 
large  volume  of  literature  on  its  mechanism  is  available.  Never¬ 
theless,  an  additional  and  a  new  approach  to  this  problem  is  being 
presented  in  this  report.  The  problem  here  was  that  of  a  quiescent 
pool  of  liquid  fuel  with  a  flow  of  uncontaminated  air  over  the  pool 
so  as  to  create  a  well  defined  laminar  boundary  layer.  The  objec¬ 
tive  of  this  investigation  then,  was  to  discover  the  physical  prin¬ 
ciples  by  which  the  domain  of  ignitability  could  be  defined.  Spec¬ 
ifically,  for  any  given  geometry  of  the  pool  of  fuel,  we  expected 
to  define  the  domain  of  ignitability  in  terms  of  wind  velocity, 
fuel  temperature,  position  of  the  igniter  above  the  surface,  the 
characteristics  of  the  fuel,  and  the  characteristics  of  the  igniter. 
Ignition  of  fuel  above  its  flash  temperature  requires  a  simple 
"passive"  igniter  (one  that  merely  places  the  igniting  energy  at  a 
point  in  the  boundary  layer  without  serving  also  as  a  flame  holder, 
or  modifying  the  boundary  layer  or  heating  the  fuel  surface). 

Measurements  with  n-Decane  and  Iso-Propyl  Alcohol  showed 
that  ignition  is  possible  if  the  igniter  is  placed  at  a  position 
above  the  fuel  surface  where  the  fuel  vapor  concentration  lies  with¬ 
in  the  lean  limit  of  flammability,  and  where  the  laminar  flame  speed 
for  the  mixture  at  that  point  exceeds  the  boundary  layer  velocity. 

In  cases  where  the  local  air  velocity  exceeds  that  of  the  local 
flame  velocity,  the  point  where  these  two  velocities  become  equal 
indicates  the  maximum  height  at  which  ignition  of  the  fuel  is  still 
possible  (blow  off  limit).  It  is  easy  to  visualize  a  case  where  the 
local  air  velocity  is  always  above  the  flame  speed  except  for  regions 
extremely  close  to  the  fuel  surface.  In  such  regions,  the  ignition 
source  may  be  quenched  by  the  presence  of  the  liquid  fuel,  and  fire 
may  never  start.  However,  it  is  an  experimental  fact  that  once 
ignition  takes  place  over  a  fuel  at  super flash  temperature,  no  amount 
of  blowing  velocity  can  extinguish  the  flame,  on  the  contrary,  the 
higher  the  wind,  the  faster  the  burning  rate  of  the  fuel. 
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A  theoretical  discussion  of  the  ignition  of  a  pool  at 
superflash  temperatures  subjected  to  an  air  flow  system  is  pre¬ 
sented  in  Section  B.  Also  included  is  a  preliminary  model  of  the 
srbflash  ignition  process.  The  principles  expressed  in  the  model 
imply  the  subflash  ignition  can  occur  if  the  igniter  provides  local 
heat  transfer  which  augments  the  local  vaporization  rate  to  a  level 
enabling  the  formation  of  flammable  mixture  ratio  at  the  igniter. 

In  Section  c,  the  experimental  apparatus  employed  and 
the  experiments  at  both  superflash  and  subflash  temperatures  are 
described.  Experimental  results  are  reported  and  discussed.  The 
discussion  of  the  superflash  experiment  is  relatively  straight¬ 
forward  owing  to  the  ready  agreement  between  theory  and  data.  How¬ 
ever,  the  subflash  ignition  receives  extensive  discussion  because 
of  complexities  involved  in  heat  transfer  from  the  igniter  to  the 
fuel  pool. 


In  view  of  the  conplexities  encountered  in  the  study  of 
ignition  at  subflash  temperatures,  due  to  the  liquid  motion,  a  fur¬ 
ther  study  of  this  motion  was  initiated  and  is  reported  in  Section 
D.  Moving  pictures  of  this  motion  were  also  taken  and  compiled 
into  a  fifteen  minute  film.  A  numerical  analysis  of  the  fluid 
motion  was  undertaken.  Preliminary  results  of  this  analysis  are 
presented_here;  further  results  will  be  reported  in  a  pending  pub¬ 
lication'  . 

B.  Liquid  Fuel  Ignition  Theory 
B.l  General  Remarks 


There  are  two  major  regimes  of  theoretical  interest  in 
the  study  of  ignition  of  pools  of  liquid  fuel.  One  is  the  super¬ 
flash  regime  in  which  the  fuel's  temperature  is  high  enough  to 
support  combustible  vapor  air  mixture  above  its  surface.  The  other 
is  the  subflash  regime  in  which  the  bulk  fuel  temperature  is  below 
the  point  where  combustible  vapor  exists.  In  the  first  case,  the 
question  of  ignitability  depends  solely  on  the  gas  phase  processes 
which  may  include  aerodynamic,  heat  transfer,  mass  diffusion,  as 
well  as  chemical  processes.  In  the  second  case,  ignition  cannot 
occur  by  gas  phase  processes  alone.  Additional  factors  involving 
the  liquid  phase  must  come  into  play  to  allow  ignition. 

On  the  basis  of  the  simple  hypothesis  that  the  edge  of 
the  domain  of  ignitability,  for  fuels  at  temperatures  above  the 
flash  point,  is  determined  by  the  line  along  which  the  flame  speed 
equals  the  local  air  velocity,  or  by  the  line  along  which  the  fuel/ 
air  ratio  equals  that  of  the  lean  limit,  whichever  line  is  encoun¬ 
tered  first,  it  is  possible  to  predict  ignition  limit  contours  above 
the  pool  for  every  value  of  velocity  and  for  every  fuel  temperature. 
Accordingly,  the  domain  of  ignition  is  defined,  for  the  case  of  a 
weak  or  "passive"  igniter,  (one  that  interferes  least  with  the 
boundary  layer  and  allows  no  interaction  between  it  and  the  fuel 
surface),  in  terms  of  four  variables,  distance  from  the  leading 
edge  of  the  pool,  distance  above  the  liquid  surface,  temperature 
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of  the  fuel,  and  wind  velocity.  A  theoretical  analysis  based  on 
these  parameters  is  outlined  in  the  following  paragraphs. 

B. 2  Theory  of  Ignition  in  the  Superflash  Regime; 

The  treatment  of  the  boundary  layer  flow  over  the  fuel 
surface  is  very  similar  to  the  treatment  of  a  boundary  layer  over 
a  flat  plate  if  some  basic  assumptions  are  made.  The  fuel  surface 
can  act  like  a  flat  plate  if  we  can  show  that  the  air  flow  over 
the  fuel  surface  produces  negligible  movement  of  the  fuel  surface 
and  that  the  mass  diffusion  from  the  fuel  produces  negligible  up¬ 
ward  velocities.  Furthermore,  it  is  possible  to  use  the  zero  pres¬ 
sure  gradient,  isothermal,  Blasius  boundary  layer  solutions  to 
describe  the  boundary  layer  for  both  velocity  and  vapor  concentra¬ 
tion  if  the  surface  temperature  is  not  exceedingly  above  the  room 
temperature  or  the  main  air  flow  temperature.  The  assumptions 
that  are  inherent  in  this  model  will  be  listed  and  discussed  next. 


Assumptions : 


a)  Incompressible  flow:  (^=  const.) 

There  are  two  parameters  that  control  the  density  of  air  flow 
over  a  flat  surface,  the  temperature  difference  between  the  sur¬ 
face  and  the  main  flow,  and  the  velocity  of  the  main  stream.  Since 
density  is  inversely  proportional  to  the  temperature,  the  ratio 
between  the  air  density  at  the  fuel  surface  p  and  the  main  stream 
density  p*,  is  (for  constant  pressure  across  the  thin  boundary 
layer)  ' 


If  we  take  an  average  room  temperature  of  68°F  (20°C),  and  allow 
±  15%  variation  in  density  and  still  consider  the  flow  incompressible, 
then  this  assumption  would  remain  valid  in  the  range  -11°F  to  +147°F 
(-24°C  to  +64°C)  of  fuel  surface  temperature.  Furthermore,  the  main 
stream  velocities  used  for  this  experiment  were  less  than  lO^/sec 
well  within  the  low  Mach  number  range  (^.01)  where  the  effect  of 
velocity  on  density  variation  is  negligible. 


b)  No-slip  of  the  fuel  surface; 


The  total  shear  force  on  the  fuel  surface  due  to  the  air  flow 
can  be  calculated  using  the  equation'13' 


Z  =* 

This  force  should  be 
face  and  hence; 


133  pg.V  Uj 

T/Wr" 


the  driving  force  for  the  liquid  fuel  sur- 


(1) 


(2) 
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assuming  the  fuel  is  a  Newtonian  fluid  and  has  a  linear  vel¬ 
ocity  profile  with  its  depth.  Calculations  on  n-Octane  fuel 
at  95°P  (35°C)  and  main  stream  air  velocity  of  2^/sec,  and 
4  mm  of  fuel  depth,  show  that  the  surface  slip  velocity  as  de¬ 
fined  in  Eq.  (2)  would  be  3.4  x  10“-^Vsec,  a  mere  0.17%  of  the 
main  air  velocity.  This  slip  velocity  can  be  reduced  even  further 
with  more  viscous  fuels.  Arbitrarily  choosing  a  tolerable  slip 
velocity  of  1/2%  of  the  main  velocity  will  allow  a  maximum  air  flow 
of  4ft/sec  over  n-Octane.  So,  we  may  take  the  fuel  surface  to  be 
stationary  when  we  calculate  the  aerodynamic  boundary  layer. 

c)  Negligible  Upward  Velocity  Due  to  Mass  Diffusion: 

In  our  experimental  conditions,  the  upward  velocity  is  con¬ 
trolled  by  diffusion  processes  only.  The  mass  diffusion  of. the 
vapor  at  the  surface  of  the  fuel  is  given  by  the  equation'14': 


when  Cf  is  given  in  terms  of  partial  density  of  fuel.  But  if 
Cf  is  given  in  terms  of  mass  fraction  of  fuel  in  air,  w^,  then 
Eq.  (3)will  represent  the  upward  velocity  of  fuel  vapor  due  to  dif-,2_. 
fusion.  It  can  be  shown  that  this  velocity  vw  would  take  the  form:  ' 


»  is  Kw  D 

/i,0  0  -  W»,w J 


(4) 


the  bar  indicating  average  quantity.  For  n-Octane  under  the  con 
ditions  specified  in  Assumption  (b),  this  velocity  is  calculated 
to  be  0.79  x  10“3  £t/sec  having  a  negligible  effect  on  the  vari¬ 
ous  boundary  layer  profiles. 


It  is  important  to  add  at  this  point  that  since  the  proper¬ 
ties  of  the  fuel  vapor  differ  greatly  from  those  of  air,  we  have 
to  limit  ourselves  to  very  small  surface  concentrations,  the  ex¬ 
tent  of  which  depends  largely  on  the  £uel  properties. 


The  three  assumptions  made  above  are  necessary  if  we  want 
to  consider  that  the  fuel  surface  can  act  as  a  flat  plate  and  hence 
use  available  solutions  for  our  theory  to  compare  with  experimental 
results.  Solutions  with  non-negligible  upward  moving  velocities 
due  to  diffusion  processes  are  available  in  Ref.  15,  page  404,  and 
for  more  lefined  calculationsthe  effect  of  these  velocities  can 
be  considered.  However,  Assumption  (b)  must  be  adhered  to,  for,  if 
slip  velocities  become  important,  a  new  and  complicated  set  of 
equations  has  to  be  dealt  with.  Once  we  accept  the  assumption  that 
the  fuel  surface  can  be  considered  as  a  rigid  surface  in  our  analy¬ 
sis,  then  the  next  assumptions  come  from  the  standard  ones  related 
to  the  Blasius  solution,  listed  in  Ref.  13,  page  283,  which  are  re¬ 
peated  here  briefly: 
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c.  The  flow  in  the  channel  is  two-dimensional  (wall 
effects  are  neglected). 

d.  The  pressure  is  constant  throughout  the  flow  field 
(atmospheric) . 

e.  The  flow  is  laminar  (Re  from  3.3  x  10^  to 
3.3  x  104)  and  steady.  max 

f.  The  physical  properties  of  the  fluid  are  constant. 

g.  The  fluid  flow  is  not  affected  by  heat  flow. 

h.  Body  forces  neglected. 


With  these  assumptions,  the  following  set  of  boundary 
layer  equations  is  left  to  be  solved: 


continuity 


du 

dx 


3v 


_  .  du.  ■  ..  du  3  u. 

momentum  a.  —  +  v  —  =  v 

dx 
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energy 

mass  diffusion  U. 


u-  ,viLmM£L 

d  x  dy  3  v 
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wi  can  be  given  in  mass  fraction  or  partial  density  of  vapor  in 
the  air  assuming  it  is  a  perfect  gas.  These  equations  are  dis¬ 
cussed  in  Ref.  14  pp.  457-463,  and  solutions  in  graphical  form 
are  shown  there.  The  boundary  conditions  considered  in  our  case 

are:  _ 

at  y  *  o  ;  u  •  V  *  0  ,  T  *  Tw  t  w,  *  wJW 


at  y  •  »o :  a  *  ,  T  ■  T*m  ,  wt  *  o 


(5) 

(6) 


(7) 

(8) 


Fig.  1  shows  a  solution  to  these  equations  for  n-Octane  as  cal¬ 
culated  by  Murad (2°).  The  ignition  zone  defined  earlier  being  the 
zone  where  flammable  mixture  is  present  and  where  velocity  is 
favorable  for  ignition  is  also  shown  superimposed  on  this  figure. 
The  rich  limit  of  ignitability,  in  case  rich  vapor/air  mixtures 
are  present  near  the  surface,  can  also  be  considered  as  a  limit¬ 
ing  line. 


B. 3  Theoretical  Discussion  of  Ignition  in  the  Subflash  Regime; 


The  statement  that  fuel  below  its  flash  point  can  be  con¬ 
sidered  safe  is  proved  easily  by  the  following  example.  When 
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benzene  (Flash  temp.  -11°C)  at  room  temperature  is  spilled  and  a 
burning  match  is  thrown  into  it,  a  large  flame  is  established  im¬ 
mediately  over  the  whole  fuel  surface.  On  the  other  hand,  when 
n-Decane  (Flash  temp.  46°C)  is  spilled  at  room  temperature,  the 
flame  of  the  match  will  be  quenched  by  the  fuel  surface  rather 
than  ignite  the  fuel.  However,  if  we  cool  the  benzene  to  tempera¬ 
tures  below  -11°C,  it  will  behave  very  much  like  n-Decane  at  room 
temperature.  Similarly,  if  n-Decane  is  heated  much  above  its 
flash  temperature,  it  will  behave  like  benzene. 

Experimental  evidence  showed  that  by  bringing  a  suffi¬ 
ciently  energetic  hot  wire  igniter  close  to  the  fuel  surface,  it 
is  possible,  after  some  ignition  delay  time,  to  start  a  local 
flame  near  the  igniter  which  would  spread  over  the  fuel  surface 
only  after  a  second  time  delay  while  the  igniter  is  still  in  opera¬ 
tion.  When  the  igniter  is  removed  before  the  flame  spreading  is 
in  progress,  the  local  flame  will  be  quenched  immediately.  In  all 
cases  the  igniter  must  come  to  a  close  proximity  to  the  fuel  sur¬ 
face,  and  for  this  reason  it  was  found  that  air  flow  over  the  sur¬ 
face  did  not  affect  the  start  of  a  local  flame,  but  the  location 
of  the  flame  was  shifted  further  downstream  with  increasing  air 
velocity.  All  of  this  seems  to  be  understandable  on  the  hypothesis 
that  ignition  of  a  subflash  pool  takes  place  when  the  heat  transfer 
from  the  igniter  is  sufficient,  and  when  the  waiting  time  is  suf¬ 
ficient  to  raise  the  temperature  of  the  surface  locally  to  a  tem¬ 
perature  near  the  flash  point.  The  time  delay  is  obviously  affected 
by  those  factors  that  determine  how  much  heating  is  required  to 
reach  this  stage:  depth  of  fuel,  extent  of  initial  subflash  cooling, 
power  of  the  igniter,  proximity  of  the  igniter,  area  of  the  igniter, 
etc.  Most  important  in  determining  the  time  delay  is  the  fluid 
motion  underneath  the  igniter  stimulated  by  the  heating,  since  this 
will  determine  how  slowly  the  surface  temperature  will  rise.  Also, 
fuel  below  its  flash  point  must  involve  some  sort  of  incipient  re¬ 
action,  one  that  would  ordinarily  die  out,  but  which  gets  going  by 
virtue  of  some  sort  of  feedback  of  heat  from  the  incipient  reaction 
zone  to  the  surface  of  the  fuel,  accelerating  the  vaporization  rate 
and  hence  the  reaction  itself  to  the  runaway  point. 

Since  the  fluid  behavior  in  the  subflash  regime  is  very 
complex  and  important  to  the  understanding  of  ignition,  it  has  been 
examined  extensively  and  i..  reported  in  section  D. 

B.4  Conclusions 


The  theory  developed  predicts  the  maximum  height  at  which 
ignition  occurs  with  simple  igniters  such  as  sparks  and  hot  incan¬ 
descent  filaments,  by  utilizing  the  following  parameters:  distance 
from  leading  edge,  surface  temperature  of  the  fuel  (or  fuel  concen¬ 
tration  at  the  surface),  wind  velocity,  burning  velocity  of  the  fuel, 
lean  and  rich  limits  of  flammability.  The  theory  can  be  utilized 
also  to  predict  the  lean  limit  of  flammability  if  all  other  para¬ 
meters  are  known,  with  the  help  of  the  experimental  apparatus  des¬ 
cribed  in  Section  C. 


-164- 


C.  Liquid  Fuel  Ignition  Experiments 
C.l  Equipment 

The  experimental  rig,  Fig.  2,  was  designed  and  built 
tc  simulate  a  wind  blowing  over  a  spilled  liquid  fuel  surface 
in  an  open  environment'20)'.  Ignition  sources  such  as  sparks  and 
hot  wire  filaments  were  then  introduced  above  the  fuel  surface 
to  cause  ignition.  A  carefully  designed  wind  channel  to  provide 
a  steady  laminar  flov  over  a  pool  of  liquid  fuel  located  inside 
the  channel  was  used  for  this  simulation.  Igniters  of  various 
types  and  shapes  were  then  introduced  into  the  well  defined  flow 
boundary  layer.  The  following  are  the  most  important  features  in 
this  rig  design: 


1)  Air  supply  system 

2)  Test  section 

3)  Extinguishing  system 

4)  Igniter  and  igniter  support 

5)  Instrumentation 

C.1.1  Air  Supply  System 

Three  pressurized  dry  air  bottles  each  containing  220 
cu.  ft.  of  air  were  used  to  supply  the  required  air  flow  above 
the  pool  of  fuel  in  the  test  section.  These  bottles  were  placed 
in  the  same  room  in  which  the  experiment  took  place  to  keep  their 
temperature  consistent  with  that  of  the  room  at  all  times.  The 
system  that  was  designed  to  deliver  this  air  to  the  test  section 
as  sketched  in  the  flow  chart  in  Fig.  3(a).  The  main  features  of 
this  system  depicted  in  the  figure  are:  the  pressure  regulator  (R-l), 
the  valves  (NV-1,  BV-1),  the  orifice  plate,  and  the  settling  chamber. 

The  two-stage  pressure  regulator  in  the  system  was  used 
to  reduce  the  air  bottle  pressure,  which  initially  stood  at  2200 
psig,  to  the  desired  range  from  zero  to  200  psig  maximum.  From  the 
regulator  the  air  flowed  through  a  combination  of  two  valves.  The 
first  valve  (NV-1)  was  a  needle  valve  that  provided  the  means  for 
fine  adjustment  of  air  flow.  The  second  valve  (BV-1)  was  a  ball 
valve  used  for  quick  shut-off  and  reproducibility  of  the  flow.  A 
well  designed  orifice  section  provided  the  necessary  flow  measurements. 
The  orifice  section  was  designed  to  AMSE  specifications  (I7'  with  a 
1"  O.D .  stainless  steel  tube  15"  in  length  upstream  of  the  orifice 
plate  and  a  straight  section  10"  long  2.5"  O.D.  copper  tube  down¬ 
stream  of  the  plate.  Two  orifice  plates  were  designed  to  cover  the 
flow  range  of  0. 1-1.0  cu.  ft. /sec  which  gave  us  the  velocity  range 
of  1.0  -  10  ft/sec  above  the  fuel  surface.  One  plate  was  1/4"  thick 
with  a  rounded  nozzle  type  orifice  with  5/32"  diameter  nominal  hole 
and  the  other  plate  was  3/16"  thick  with  3/32"  diameter  hole.  For 
the  desired  range  indicated  above,  the  nozzle  orifice  was  at  all 
times  choked  resulting  in  a  linear  relation  between  the  flow  velocity 
and  the  absolute  static  pressure  upstream  of  the  orifice.  A  pressure 
tap  to  measure  this  static  pressure  was  placed  1"  upstream  of  the 
orifice  plate  as  required  by  AMSE  standards. 
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The  design  features  of  the  settling  chamber  can  be  seen 
in  Fig.  4.  Both  the  "braking"  plate  and  the  "distributing"  plate 
enable  faster  and  more  even  chamber  filling.  The  honeycomb  and 
the  20  mesh  screens  are  used  as  flow  straighteners  and  also  to  re¬ 
duce  the  level  of  turbulence  present  in  the  chamber  due  to  the  en¬ 
trance  conditions.  This  design  followed  empirical  considerations 
mentioned  in  Ref.  18.  Finally,  the  air  flows  through  a  contracting 
nozzle  with  a  square  exit  (3-3/4"  sides)  providing  smooth  and  paral¬ 
lel  flow  to  the  test  section. 

C.1.2  The  Test  Section 


As  mentioned  earlier,  the  laboratory  test  model  was  de¬ 
signed  to  simulate  spilled  fuel  contained  in  an  area  that  can  be 
represented  by  a  pool  of  liquid  fuel.  The  side  view  of  the  test 
section  with  a  representative  smoke  flow  over  the  pool  can  be  seen 
in  Fig.  5.  The  flow  is  from  left  to  right  and  the  smoke  was  supplied 
by  smoke  generating  equipment  borrowed  for  the  purpose  of  photo¬ 
graphing  the  flow.  The  smoke  was  introduced  into  the  lower  part  of 
the  settling  chamber;  therefore,  the  smoke  flow  did  not  cover  the 
entire  channel  as  seen  in  the  figure.  The  dimensions  of  the  fuel 
surface  area,  are  3"  wide  by  7  1/4"  long.  The  selection  of  these 
dimensions  are  based  on  practical  design  consideration.  The  depth 
of  the  fuel  could  be  changed  as  follows:  1,  2,  4,  6,  7,  and  8  mm  by 
addition  or  removal  of  copper  plates  designed  to  fit  into  the  tray. 
The  tray  itself  was  made  of  brass  and  a  heating  element  was  placed 
at  the  bottom  to  bring  the  fuel  to  a  desired  temperature.  The  tem¬ 
perature  was  monitored  by  a  thermocouple  placed  in  the  fuel  at  the 
bottom  of  the  tray.  "Pyrex"  glass  walls  were  used  for  the  flow 
channel  to  provide  visual  access  to  the  region  where  the  flame 
should  appear  above  the  fuel .  The  nose  section  for  the  tray  repre¬ 
sents  a  typical  subsonic  nose  to  prevent  boundary  layer  separation 
over  the  fuel  surface.  The  shape  of  the  nose  was  an  ellipse  of  4:1 
axis  ratio  bisected  in  the  minor  axis  and  tilted  downward  3°. 

C.1.3  Extinguishing  System 

Extinguishing  the  flame  appearing  in  the  test  section 
above  the  fuel  surface  was  done  through  the  use  of  CC>2  gas.  A 
pressure  regulator  (Fig.  3(b)  R-2)  is  connected  to  a  24  lb.  pres¬ 
surized  bottle  in  order  to  reduce  the  bottle  pressure  (initially  at 
830  psig)  to  a  delivery  pressure  of  60  psig.  A  ball  valve  (BV-2) 
is  used  to  control  the  flow  to  the  test  area.  The  nozzle  that 
directs  the  C02  gas  over  the  fuel  surface  was  originally  designed 
with  a  1/2"  o.D.  tube  flattened  at  the  exit  and  situated  just  above 
the  nozzle  exit  of  the  settling  chamber.  This,  however,  proved  er¬ 
ratic  in  trial  extinguishing  tests.  It  was,  therefore,  decided  to 
use  a  nozzle  from  a  small  fire  extinguisher.  This  proved  to  be 
the  most  successful  method.  To  provide  additional  safety,  however, 
a  small  fire  extinguisher  bottle  was  available  at  close  range  at  all 
times . 
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C . .1 .4  Igniters  and  Igniter  Support 

Initially,  tests  were  conducted  with  a  diversified  se¬ 
lection  of  igniters  to  determine  the  ones  that  would  give  us 
the  best  ignition  results.  Igniters  such  as  a  flame  torch,  magne¬ 
sium  ribbon,  and  a  tantalum  strip  were  tested.  The  flame  torch, 
although  effective  in  producing  ignition  even  for  fuels  slightly 
below  their  flash  temperature  (depending  on  the  strength  of  the 
flame),  could  not  be  accurately  placed  at  a  given  position,  and 
hence  it  was  discarded  as  an  igniter  in  our  experimental  tests. 
Similarly,  while  the  burning  magnesium  ribbon  could  be  placed  at 
an  accurate  position  before  the  start  of  burning,  it  burned  un¬ 
evenly.  The  tantalum  trip  was  formed  in  a  trough-like  shape  so 
as  to  trap  a  combustiole  vapor/air  mixture  from  a  locally  heated 
fuel  surface  and  ignite  it.  However,  the  temperature  distribution 
along  this  electrically  heated  strip  was  extremely  uneven  and  it 
tended  to  heat  to  melting  at  its  center. 

After  the  test  results  indicated  above,  a  better  choice 
of  igniters  was  selected  to  fit  every  test  situation.  Generally, 
a  combustible  mixture  of  gases  can  be  readily  ignited  by  sparks  and 
by  red  hot  wire  igniters  requiring  rather  low  minimum  energy.  Such 
is  also  the  case  of  fuel  at  superflash  temperatures.  But,  since 
we  are  dealing  with  a  boundary  layer  ignition  for  these  fuels,  the 
igniter  must  have  a  simple  shape  and  disturb  the  boundary  layer 
least.  The  spark  plug  then  is  the  most  promising  igniter  for  this 
test  situation.  A  regular  automotive  spark  plug  but  with  extended 
electrodes  was  used  so  as  to  remove  the  main  body  of  the  plug  from 
the  vicinity  of  the  boundary  layer.  These  electrodes  made  of  1/16" 
stainless  steel  rods,  had  1  mm  spark  gap  and  were  fed  by  a  15KV 
neon  transformer. 

In  extending  the  ignition  study  to  fuels  at  subflash 
temperatures,  it  was  found  that  the  spark  plug  was  inadequate 
to  ignite  the  fue]  under  this  test  situation.  A  different  igniter 
was  then  required  to  supply  the  necessary  interaction  between  igni¬ 
ter  and  fuel.  The  shapes  of  the  various  igniters  tested  in  this 
regime  are  shown  in  Fig.  6.  Igniter  G  was  first  tested  in  connec¬ 
tion  with  the  superflash  fuel  conditions  with  air  flow  over  the  fuel 
surface.  At  a  certain  wire  temperature,  it  was  found  that  the  re¬ 
sults  obtained  from  the  wire  are  rather  closely  related  to  those  of 
the  spark  plug.  All  of  the  hot-wire  igniters  were  made  of  Kanthal 
A-l  resistance  wire  with  a  nominal  diameter  of  .036"  or  roughly 
0.9  mm.  The  effects  of  such  a  straight  hot-wire  on  the  boundary 
layer  are  rather  significant,  but  with  the  necessary  adjustments  in 
the  wire  temperature,  as  mentioned  above,  a  good  result  that  con¬ 
forms  closely  to  the  theoretical  prediction  of  ignition  limit  above 
the  fuel  surface  was  obtained.  Igniter  G  and  all  the  other  igniters 
shown  in  Fig.  6,  were  designed  so  as  to  test  the  effectiveness  of 
each  of  the  igniters  in  expediting  the  ignition  of  fuel  at  subflash 
temperature. 
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The  igniter  support  also  functioned  to  position  the 
igniter  accurately  at  the  desired  position.  The  synchronous 
motor  (shown  in  Pig.  2)  was  used  to  lower  and  raise  the  igniter 
at  constant  rates.  The  recording  of  the  igniter  height  started 
with  measuring  the  distance  between  the  igniter  and  its  image 
in  the  fuel  below  by  a  cathetometer  and  halving  this  distance. 
Later,  the  igniter  was  lowered  to  the  fuel  surface  and  the 
point  where  it  first  touched  the  surface  was  recorded  as  zero 
height.  The  igniter  was  held  by  a  micrometer  and  thus  the 
positioning  of  the  igniter  was  within  1/10  of  a  millimeter. 

The  whole  support  could  be  moved  horizontally  on  a  railing  for 
rough  lateral  placement  and  for  finer  adjustment  the  micrometer 
could  be  used  in  the  lateral  direction  as  well. 

C.1.5  Instrumentation 


The  main  stream  velocity  of  the  air  and  the  velocity 
profile  in  the  boundary  layer  created  just  above  the  fuel  surface 
was  measured  by  a  DISA  type  55D05  constant  temperature  anemometer. 

The  hot  wire  probe  was  a  miniature  boundary  layer  type  55A36  with 
a  wire  parallel  to  the  fuel  surface.  The  cold  resistance  of  the 
wire  ranged  between  3.4  to  3.7  ohms,  and  the  operating  resistance 
was  set  at  6.2  ohms.  Due  to  the  low  velocity  range  (up  to  2  ft/ 
sec)  that  was  used  in  the  program,  a  special  calibration  technique 
had  to  be  used.  Every  new  wire  probe  was  calibrated  before  being 
used  for  measurements.  A  velocity  of  2  ft/sec  gave  an  output  sig¬ 
nal  from  the  anemometer  of  approximately  l50mV  compared  with  out¬ 
put  voltage  of  1.39  volts  of  the  hot-wire  anemometer  itself.  For 
this  reason,  a  bias  unit  that  neutralized  this  initial  output  vol¬ 
tage  had  to  be  added.  The  output  was  then  recorded  on  a  Honeywell 
Visicorder  Oscillograph  Model  906B,  and  M-100-120A  galvanometers 
were  used  in  the  visicorder  for  this  purpose.  Since  the  flow  was 
considered  steady,  the  response  of  the  galvanometer  was  not  a  criti¬ 
cal  parameter.  For  this  same  reason,  the  visicorder  was  operated 
at  its  slowest:  paper  speed  which  was  0.4  inch  of  paper  per  second. 

The  resistors  used  for  the  galvanometer  were  adjusted  to  give  approxi¬ 
mately  4  inch  deflection  for  3  ft/sec  flow.  After  calibration  of 
the  hot-w'.re  it  was  placed  above  the  fuel  surface  to  measure  the  main 
flow  velocity  in  the  test  area,  and  hence  to  calibrate  the  pressure 
gage  placed  upstream  of  the  orifice.  Noise  signals  from  the  actual 
flow  coming  out  of  the  settling  chamber  were  extremely  low  0.05  - 
0.1%  of  main  stream  velocity,  indicating  a  fairly  smooth  and  laminar 
flow.  Moreover,  it  indicates  that  the  flow  straighteners  in  the 
settling  chamber  worked  as  expected. 

A  temperature  controller  was  used  to  monitor  the  fuel  tem¬ 
perature  in  the  tray.  The  controller  was  that  of  West  Instrument 
Corp.  Model  JP  using  iron-constantan  thermocouple  wire.  The  fuel 
temperature  could  be  controlled  within  i.5°C  with  initial  overshoot 
of  4°C.  The  thermocouple  was  located  at  the  interface  between  the 
fuel  and  the  bottom  of  the  tray. 
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Other  features  in  the  data  recording  setup  that  were 
used  mainly  for  the  case  of  ignition  below  flash  temperature, 
included  an  ion  detector  (or  flame  detector),  and  two  extra 
thermocouples  to  probe  the  fuel  temperatures  at  various  locations 
in  the  liquid  fuel  during  the  induction  period.  The  flame  de¬ 
tector  was  simply  made  of  a  4  mm  gap  between  two  wires  that  are 
connected  to  90  volt  batteries,  and  the  signal  coming  from  the 
flame  is  recorded  on  the  visicorder  after  amplification.  Outputs 
of  up  to  10  mv  were  recorded  from  fully  established  flames.  The 
ion  detector  gap  was  placed  immediately  above  the  hot-wire  igniter 
where  initial  flame  is  most  likely  to  appear.  The  output  of  the 
two  iron-constantan  thermocouples  was  also  recorded  on  the  visi¬ 
corder  with  a  range  of  80°C  per  4  inch  deflection. 

Arrangement  of  the  equipment  on  the  instrument  table 
can  be  seen  in  Fig.  7. 

C.2  Experimental  Results  and  Discussion 

The  objective  of  the  experimental  program  was  two-fold. 
First  to  compare  our  theory  on  the  ignition  limit  of  fuels  at 
super flash  temperatures,  and  second  to  investigate  and  lay  the 
foundation  for  an  ignition  prediction  theory  for  fuels  at  their 
subflash  temperature.  In  the  super flash  tests,  the  experimental 
parameters  were:  wind  velocity,  temperature  of  fuel  surface,  and 
height  of  igniter.  An  igniter  with  at  least  a  minimum  energy  for 
ignition  of  the  lean  limit  combustible  mixture  was  used,  and  the 
maximum  height  to  which  ignition  was  still  possible  was  recorded 
and  compared  with  the  theoretical  value.  However,  in  the  sub¬ 
flash  case,  other  parameters  of  importance -were  added  to  the  ones 
mentioned  above*  fuel  depth,  size  of  tray,  ignition  delay,  power 
to  igniter,  ignition  height,  and  others  that  were  believed  to  con¬ 
tribute  to  the  change  in  the  subflash  ignition  characteristics  of 
the  fuel. 

C.2.1  Comparison  of  Predicted  and  Experimental  Results  in  the 
Superflash  Regime 

The  velocity  profile  over  the  fuel  surface  was  one  of  the 
important  parameters  in  our  theory,  and  hence  it  was  measured  ex¬ 
perimentally.  A  constant  temperature  hot-air  anemometer  was  used 
for  this  purpose.  The  calibration  of  this  anemometer  was  obtained 
by  means  of  air  which  was  expelled  from  a  large  "Pyrex"  bottle 
(20  liter  or  5  gallon  capacity)  by  inflowing  water,  and  thereafter 
fed  to  the  hot-wire  probe  through  a  straight  9mm  diameter  tube, 

800mm  in  length,  thereby  providing  a  parabolic  laminar  velocity  pro¬ 
file.  The  calibration  employed  velocities  up  to  2  ft/sec  giving  a 
Reynold's  number  less  than  1000  for  the  flow  in  the  tube.  The 
"Pyrex"  bottle  was  calibrated  and  graduated  for  every  liter,  and 
the  volume  flow  of  the  water  to  the  bottle,  and  hence  the  air  flow, 
was  determined  by  time  check  on  these  marks.  The  hot-wire  probe, 
protected  against  draft  by  a  35mm  inside  diameter  cylinder,  was 
placed  in  the  center  of,  and  1mm  in  front  of  the  mouth  of  the  tube. 
Air  velocity  at  the  probe  was  calculated  on  the  basis  of  the  profile 
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of  velocity  in  the  tube.  Maximum  velocity  at  the  center  o£  the 
tube,  with  parabolic  profile,  is  twice  the  mean  velocity.  The 
calibration  data  was  recorded  as  velocity  of  ft/sec  vs.  the  dis¬ 
tance  in  inches  traveled  on  the  oscillograph  paper.  With  this  cali¬ 
bration  data  it  was  found  that  main  flow  velocities  over  the  fuel 
surface  of  1  ft/sec  and  2  ft/sec  will  correspond  to  pressure  read¬ 
ings  upstream  of  the  orifice  plate  of  26  psig  and  68  psig  respective 

iy. 


One  difficulty  encountered  in  the  measurement  of  boundary 
layer  velocity  profiles  over  the  fuel  surface  was  the  fluctuating 
signal  from  the  hot-wire  probe  due  to  the  cooling  effect  of  the 
fuel  vapor  on  the  hot-wire  itself.  Therefore,  a  very  thin  aluminum 
plate  was  placed  on  the  fuel  surface  to  prevent  the  vapor  from  reach 
ing  the  wire  probe  and  hence  allow  more  accurate  measurements. 

The  fuel  depth  was  not  an  important  parameter  in  the  igni¬ 
tion  of  superflash  fuels,  but  in  order  to  control  the  temperature  of 
the  fuel  effectively,  we  chose  a  depth  of  4mm  for  all  of  our  experi¬ 
ments.  As  noted  earlier  the  temperature  of  the  fuel  was  monitored 
by  a  thermocouple  and  controlled  by  a  temperature  controller  unit. 

Although  the  distance  from  the  leading  edge  of  the  fuel 
is  also  a  parameter  of  the  theoretical  problem,  most  of  the  experi¬ 
ments  were  conducted  at  a  distance  of  9cm.  from  the  leading  edge. 
Other  locations  were  also  considered,  but  closer  to  the  leading  edge 
the  ignition  zone  was  too  thin,  and  the  igniter  had  to  be  brought 
too  close  to  the  surface  to  be  considered  "non-active".  Further 
downstream  was  considered  too  close  to  the  edge  of  the  tray,  with 
possible  back  effects  on  the  boundary  layer  configuration.  Thus 
the  distance  of  9  cm.  from  the  leading  edge  was  considered  to  be  an 
optimum  distance. 

Two  methods  were  employed  to  find  the  maximum  height  above 
the  fuel  surface  at  which  ignition  is  still  possible.  One  method 
was  placing  the  hot-wire  igniter  at  a  specific  height  and  testing 
for  ignition  at  that  point.  Since  there  was  ?  delay  in  the  heating 
of  the  wire  to  its  maximum  temperature,  a  certain  ignition  delay 
time  had  to  be  chosen  for  this  method.  The  other  method  involved 
heating  the  wire  at  a  point  2cm.  above  the  fuel  surface  and  bringing 
it  down,  while  heating,  at  the  rate  of  approximately  one  millimeter 
per  second.  The  first  point  at  which  ignition  was  sighted  was  re¬ 
corded  as  the  maximum  height.  The  latter  method  reduced  the  number 
of  experiments  required  to  determine  the  desired  height  and  also 
gave  us  better  results.  The  first  method,  however,  was  used  main¬ 
ly  when  the  igniter  was  a  spark  plug,  and  for  subflash  ignition 
tests . 


Test  results  on  n-Decane  ac  various  surface  temperatures 
are  compared  with  predicted  ignition  zone  lines  in  Fig.  8.  The 
igniter  was  a  straight  Kanthal  wire  with  a  power  supply  of  60  watts 
(equivalent  to  wire  temperature  of  1280°C)  and  active  length  of 
2.3  cm.  The  experimental  points  were  determined  by  employing  the 
second  method  mentioned  above.  The  ignition  zone  limit  line  was 
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based  on  the  lower  flammability  limit  of  .67%  by  volume  given  in 
data  available  in  the  Fuel  Research  Laboratory.  The  laminar  flame 
speed  profile  for  n-Decane  was  not  known,  but  was  assumed  to  be 
higher  than  the  local  air  velocity  in  the  case  of  1  ft/sec  main 
flow.  The  correlation  between  the  experimental  point  and  the  theo¬ 
retical  one  was  very  good.  Fig.  9  shows  the  same  situation  as  men¬ 
tioned  above  with  n-Amyl  Alcohol  (F.T.  38°C),  but  in  this  experi¬ 
ment  the  igniter  was  a  spark  plug  and  instead  of  varying  the  fuel 
temperature,  the  main  flow  velocity  was  varied  from  1  ft/sec  to 
2  ft/sec.  Ignition  with  a  spark  plug  was  considered  more  accurate 
than  that  of  the  hot-wire  because  the  spark  plug  is  less  likely 
to  interfere  with  the  boundary  layer.  But  since  the  spark  gap  was 
1  mm  in  size,  the  spark  plug  could  not  be  brought  any  lower  to  the 
fuel  surface.  Up  to  a  height  of  approximately  1.5  mm,  the  spark 
war  curved  toward  the  surface  and  it  made  the  determination  of  the 
exact  height  of  the  spark  rather  difficult.  Furthermore,  it  was 
noticed  that  the  published  flash  temperature  of  n-Amyl  Alcohol 
(38°C)  corresponds  to  vapor  concentration  of  0.83%  by  volume,  while 
the  published  low  limit  of  flammability  was  1.19%  by  volume  cor¬ 
responding  to  a  fuel  temperature  of  shout  43°C.  The  experimental 
points  indicated  the  tendency  for  the  low  limit  to  be  lower  than 
the  published  value.  Fig.  10  was  used  for  demonstration  purposes. 
Using  Iso-Propyl  Alcohol  (F.T.12°C)  at  approximately  room  temperature, 
it  was  shown  that  ignition  could  occur  9  cm  from  the  leading  edge 
and  2.5  mm  above  the  fuel  when  the  main  flow  was  1  ft/sec,  while  no 
ignition  was  recorded  at  the  same  point  with  flow  of  2  ft/sec.  In 
both  cases  of  n-Amyl  Alcohol  and  Iso-Propyl  Alcohol,  the  calculated 
ignition  zone  limit  corresponded  to  the  low  limit  of  flammability 
only  for  lack  of  data  on  the  flame  speed. 

3.2.2  Subflash  Versus  Superflash  Ignition 

In  extending  our  research  into  subflash  regions,  we  had 
to  establish  an  ignition  criteria  for  the  different  regimes  of  in¬ 
terest.  When  the  fuel  is  below  the  flash  temperature,  ignition  is 
characterized  first  by  the  appearance  of  a  localized  flame  near  the 
igniter.  Secondly,  in  a  fuel  that  has  a  large  range  of  temperatures 
between  the  flash  point  and  fire  point,  the  ignition  criteria  in  this 
region  would  be  the  first  appearance  of  a  flash.  Above  the  fire 
point,  the  ignition  is  the  appearance  of  a  flame  that  would  spread 
immediately  over  the  surface. 

:rg.  11  shows  clearly  how  these  various  regimes  differ  in 
response  to  the  air  flow.  The  test  was  conducted  on  n-Decane  (F.T. 
46°C)  with  an  intense  igniter  so  as  t.o  extend  our  ignition  domain 
to  the  subflash  region.  Regime  I  (subflash),  shows  little  effect 
on  ignition  height  by  the  changing  flow  velocities.  The  relative  in¬ 
effectiveness  of  wind  on  the  ignition  height  in  these  circumstances 
is  understandable  when  it  is  noted  that,  for  subflash  pools,  the  ig¬ 
niter  had  to  be  ve::y  close  to  the  surface,  so  close  that  the  wind 
velocity  at  that  h  -ight  is  negligible,  even  when  the  main  stream 
velocity  is  high  enough  to  blow  away  the  flame  if  we  were  to  try  to 
start  ignition  there.  The  igniter  then  will  behave  like  a  flame 
holder  and  the  flame  will  appear  in  the  wake  region  downstream  of 
the  igniter. 
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Regime  II,  which  is  very  apparent  in  n-Decane,  but  absent 
in  all  the  alcohols  that  were  tested  because  of  the  proximity  of 
their  flash  point  to  the  fire  point,  shows  a  moderate  effect  of 
wind  on  the  change  of  the  height  of  ignition.  The  effect  increases 
as  the  temperature  approaches  the  fire  point  and  the  change  becomes 
significant  in  Regime  III  above  the  fire  point.  Fig.  12  records 
the  same  data  of  Fig.  11  to  show  more  clearly  the  results  described 
above. 


One  interesting  observation  made  in  Regime  II  where  the 
n-Decane  was  above  flash  temperature,  but  below  fire  temperature, 
was  that  ignition,  when  it  finally  occurred,  seemed  to  take  a  few 
seconds  for  the  strong  flame  to  establish  itself.  During  this  time, 
one  or  more  waves  of  pale  blue  flame  are  seen  to  sweep  over  the  sur¬ 
face  of  the  pool  at  intervals  of  one  second  or  so.  The  first  sweep 
corresponds  to  ignition  and  burning  of  the  vapor  present  in  the 
boundary  layer;  as  this  burns  away,  there  /,.s  not  enough  vapor  left 
for  the  moment  to  support  a  continuous  fir  .  '.herij  half  a  second 
later,  the  accumulation  of  vapor  coming  fiuu,  :l»e  s  ’•face  is  adequate 
once  again  to  support  a  flame,  and  a  second  flame  sweeps  over  the 
surface.  After  several  such  sweeps,  the  surface  becomes  heated  suf¬ 
ficiently  by  feedback  from  the  intermittently  burning  boundary  layer 
to  vaporize  at  a  strong  enough  rate  to  feed  a  steady  flame;  that  is 
when  the  main  flame  takes  hold. 

Fig.  13  and  14  show  that  in  the  superflash  case,  the  sur¬ 
face  temperature  affects  the  height  of  ignition  significantly,  while 
at  the  subflash  region  with  n-Butyl  Alcohol,  the  effect  is  less  pro¬ 
nounced.  Fig.  14  also  shows  that  when  subflash  ignition  is  possible 
at  heights  above  1  or  2  millimeters,  the  increase  of  main  stream 
velocity  will  decrease  the  ignition  height,  as  is  the  case  with 
superflash  fuel. 

Table  1  gives  results  similar  to  those  recorded  in  Fig.  11 
with  n-Decane,  but  in  this  instance  the  fuel  is  n-Amyl  Alcohol,  and 
the  fuel  temperature  i3  kept  below  the  flash  temperature  of  38°C  far 
the  Amyl  Alcohol.  It  is  clearly  shown  that  the  rise  in  initial  fuel 
temperature  and  the  introduction  of  air  flow  has  not  changed  the 
ignition  height  until  a  temperature  as  close  as  4°C  to  the  flash 
temperature  is  reached.  At  this  point,  the  increase  in  air  velocity 
increased  the  height  of  ignition  contrary  to  the  case  of  superflash 
fuel.  This  is  understandable  if  we  note  the  presence  of  hot  air 
surrounding  the  intense  igniter.  The  ,-»ir  flowing  over  the  fuel  sur¬ 
face  will  then  deflect  this  hot  air  and  increase  the  contact  between 
hot  air  and  fuel  surface,  and  hence  increase  the  likelihood  of  igni¬ 
tion  at  a  higher  point  than  that  of  the  undeflected  case.  Another  . 
explanation  is  given  in  the  book  "Flames"  by  Gaydon  and  Wolfhard  , 
where  they  indicate  that  unpublished  experiments  by  Hubner  and 
Wolfhard  showed  that  ignition  occurs  more  easily  in  a  slowly  moving 
mixture  than  in  a  rich  stagnant  one.  The  greater  difficulty  of  igni¬ 
tion  was  explained  to  be  due  to  accumulation  of  spent  gases  follow¬ 
ing  slow  combustion  reactions. 
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Table  2  again  presents  similar  data  to  the  one  mentioned 
above,  but  now  with  a  fuel  with  a  very  high  flash  temperature  (1Q1°C) . 
The  data  clearly  shows  the  extreme  difficulty  in  igniting  the  Benzyl 
Alcohol  at  room  temperature  or  approximately  75°C  below  the  flash 
temperature. 

C . 2 . 3  Performance  of  Various  Igniters  in  the  Subflash  Regime 

In  comparing  ignition  of  fuels  at  their  superflash  tempera¬ 
tures  versus  ignition  in  the  subflash  regime,  it  was  found  that  a 
simple  igniter  such  as  a  spark  plug  or  a  straight  hot-wire  with 
moderate  power  supply  is  not  effective  in  the  subflash  regime.  Sure¬ 
ly,  even  these  igniters  if  brought  in  close  proximity  to  the  fuel 
surface  may  ignite  the  fuel  after  a  long  delay  period,  in  the  order 
of  minutes,  during  which  the  fuel  is  being  heated  in  its  entirety 
to  temperatures  above  the  flash  temperature.  However,  we  also  tes¬ 
ted  an  array  of  igniters,  shown  in  Fig.  6,  and  recorded  the  effec¬ 
tiveness  of  each  in  terms  of  ignition  delay  and  height  of  ignition. 

The  data  collected  from  these  tests  were  recorded  in  the  form  of 
graphs,  Fig.  15  to  17,  and  tabulated  in  Table  3.  Igniter  A  had  a 
resistance  wire  with  active  length  of  7mm  (1/4")  and  the  ring  had 
a  diameter  of  13mm  (1/2").  Igniter  E  had  a  wire  length  of  14mm  and 
ring  diameter  of  26mm  (  1").  The  distance  between  electrodes  on 
igniters  B  and  D  was  1"  while  on  C  and  G  only  3/4".  The  distance 
between  electrodes  on  igniter  £  was  3"  to  cover  the  width  of  our 
test  tray.  In  all  tests,  the  igniters  were  held  at  a  position  9cm 
from  the  leading  edge  of  the  fuel  surface. 

In  general,  these  results  indicated  that  igniters  that 
cover  a  large  area  of  the  fuel  surface,  are  more  "active",  i.e., 
ignite  the  fuel  more  readily.  The  ignition  delay  of  a  straight 
wire  such  as  G  could  be  shortened  by  introducing  a  mechanical  bar¬ 
rier  into  the  liquid  at  the  same  .time  that  the  igniter  is  lowered 
into  position.  A  smaller  barrier  produced  faster  ignition  than  a 
larger  barrier.  Discussion  of  the  reason  behind  this  observation 
will  come  in  the  next  section.  The  long  wire  igniter  JP  was  tested 
briefly  under  the  same  conditions  as  the  other  :  ,niters,  and  showed 
a  very  short  ignition  delay  (in  the  order  of  5  seconds).  However, 
the  height  of  this  igniter  could  not  be  maintained  constant  during 
its  operation  because  of  the  thermal  expansion  of  the  wire. 

C.2.4  Ignition  Delay  Period  in  the  Subflash  Regime 

Ignition  of  liquid  fuel  below  its  flash  temperature  can 
be  described  in  the  following  manner: 

1)  An  ignition  delay  defined  by  the  time  which  elapses 
between  the  introduction  of  the  igniter  at  its  position 
to  the  appearance  of  a  local  flame. 

2)  Establishment  of  local  flame  which  requires  the  presence 
of  the  igniter  to  sustain  xt. 
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3)  A  second  time  delay  between  the  first  appearance  of 
the  local  flame  and  start  of  flame  spreading. 

4)  Flame  spreading  on  the  fuel  surface. 

Our  experimental  effort  was  concentrated  mainly  on  the 
first  phase  mentioned.  It  has  been  observed  previously  that  pools 
of  liquid  fuel  at  subflash  temperatures  can  be  ignited,  but  only 
after  significant  delays  (a  few  to  many  seconds).  The  delay  is 
always  longer  than  one  would  expect  for  a  solid  fuel,  and  this 
stretch-out  of  the  delay  was  found  to  be  due  to  the  heat  removal 
into  the  liquid  phase  by  convection  away  from  the  site  being  heated 
by  the  hot  igniter.  Thus,  fast  local  heating  of  the  fuel  surface 
to  produce  ignition  was  prevented.  It  is,  therefore,  evident  that 
a  quantitative  description  of  the  ignition  delay  must  start  with 
a  description  of  the  induced  fluid  motions  and  the  concurrent  heat 
removal  by  convection. 

Observations  of  the  fluid  motions  during  the  pre-ignition 
interval  (see  Fig.  18)  led  to  the  conclusion  that  the  size  of  the 
fluid  eddy  created  by  the  heat  source  just  above  the  liquid  surface 
was  determined  by  intrinsic  liquid  properties,  including  probably 
temperature  coefficient  of  surface  tension,  the  viscosity,  the 
thermal  coefficient  of  expansion,  the  density,  the  specific  heat, 
the  thermal  conductivity,  etc.  Some  of  these  properties  were  cor¬ 
related  to  the  surface  velocity  of  circulation  and  are  reported  in 
greater  detail  in  Section  D  ' .  Results  of  an  experiment  with 
n-Decane  fuel  designed  to  test  the  effects  of  viscosity  and  tem¬ 
perature  co-efficient  of  surface  tension  $1  are  plotted  in  Fig.  19. 
As  shown  in  this  figure  ignition  of  pure  n-Decane  required  rela¬ 
tively  high  igniter  temperature  (high  power  supply).  Its  ignition 
delay  time  increases  greatly  with  relatively  small  decrease  in 
power  supplied  to  the  igniter.  Ifre  reduction  of  the  surface  ten¬ 
sion  gradient  with  temperature  almost  to  zero  caused  generally  fas¬ 
ter  ignition  and  more  moderate  increase  in  ignition  delay  time  with 
reduction  of  power  up  to  a  certain  low  power  range  where  the  be¬ 
havior  of  the  pure  n-Decane  was  repeated.  Similar  effects  were 
noted  with  increasing  viscosity  of  the  fuel.  However,  the  main  dif¬ 
ference  between  the  reduction  of  surface  tension  gradient  and  the 
increase  in  viscosity  other  than  the  ones  shown  on  the  graph,  was 
that  in  the  first  case  the  behavior  of  ignition  was  similar  to  the 
pure  fuel  by  having  a  local  flame  established  first,  and  in  the 
latter  case,  the  flame  immediately  started  to  spread  on  the  fuel 
surface.  From  these  observations  one  might  conclude  that  the  liquid 
surface  adjacent  to  the  igniter  would  become  ignitable  as  soon  as 
the  entire  eddy  regie/1  had  received  sufficient  heat  to  permit  the 
nearby  vapor  density  to  reach  the  lean  limit  for  ignition.  For  a 
small  eddy  such  as  being  formed  with  a  very  viscous  fuel,  the  heat¬ 
ing  of  the  eddy  is  total  ana  fast  and  hence  the  first  flame  is  able 
to  sustain  itself  without  the  continuing  presence  of  the  igniter. 

For  a  large  eddy,  such  as  formed  in  the  pure  n-Decane  fuel  and 
n-Decane  with  surfactant,  the  local  region  on  the  liquid  surface 
can  be  brought  to  ignition  very  quickly  by  making  the  wire  very  hot 
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well  before  the  entire  eddy  becomes  heated.  The  fact  that  most  of 
the  eddy  region  is  still  rather  cold  suggests  that  the  flame  could 
not  remain  on  the  surface,  that  it  would  die  away  as  soon  as  the 
igniter  is  removed. 

The  importance  of  the  size  of  the  eddy  could  also  be 
seen  when  tests  were  conducted  with  igniters  a  and  E  of  Fig.  6. 

From  Table  3,  we  see  that  for  approximately  the  same  igniter  power 
and  the  same  fuel  depth,  igniter  A  with  the  smaller  size  cylindri¬ 
cal  fluid  retainer  ignites  more  readily  than  igniter  E.  However, 
since  the  fluid  outside  the  cylinder  does  not  warm  up  as  well,  the 
flame  appears  only  within  the  cylinder  and  it  can  sustain  itself 
without  the  igniter  there.  But  when  the  cylinder  is  removed  from 
the  fuel  or  lowered  further  to  submerge  the  cylinder,  the  flame 
dies  out.  Some  efforts  to  determine  the  maximum  size  of  the  eddy 
being  affected  by  the  igniter  will  be  discussed  later  in  this  sec¬ 
tion  when  ignition  in  deep  circular  pools  is  considered.  However, 
it  is  evident  that  the  mechanism  that  controls  the  ignition  delay 
or  induction  interval  in  the  case  of  subflash  ignition,  is  connec¬ 
ted  with  the  size  and  fluid  flow  characteristics  of  this  induced 
subsurface  eddy. 

The  time  delay  from  the  first  appearance  of  local  flame 
to  its  spreading  over  the  entire  fuel  surface  is  well  described 
in  the  paper  by  Burgoyne,  Roberts,  and  Quinton^10  .  Their  report 
was  concerned  with  Iso-Pentanol  (F.T.  41°C)  being  ignited  with  a 
wick.  Their  paper  (Sections  2  and  3)  also  includes  experimental 
observations  on  the  steady  state  flame  spreading,  and  a  suggested 
theoretical  model.  Also  on  flame  spreading,  the  experimental  paper 
by  MacKinven,  Hansel,  and  Glassman  (Ref.  11),  and  the  theoretical 
paper  on  surface  tension  driven  flows  by  Sirignano  and  Glassman 
(Ref.  12),  and  the  unpublished  paper  on  the  effect  of  pressure  head 
created  by  the  high  local  evaporation  rate  by  Summerfield are 
part  of  the  efforts  made  at  Princeton  on  this  subject.  Since  our 
study  did  not  include  phase  3  and  4  mentioned  earlier  as  part  of 
the  ignition  process  of  fuels  at  subflash  temperatures,  the  above 
references  are  recommended  for  further  study  on  this  subject. 

C.2.5  Results  of  Deep  Pool  Ignition  in  Cups  of  Various  Sizes 

An  attempt  was  made  to  determine  the  maximum  size  of  the 
eddy  under  the  igniter  using  circular  cups  of  various  sizes.  Using 
n-Amyl  Alcohol  at  room  temperature  (F.T.  38&C)  with  the  experimen¬ 
tal  conditions  recorded  on  Fig.  20  and  21,  it  is  inferred  that  this 
maximum  size  is  within  2"  diameter  surface  and  between  3/8"  to  1/2" 
depth.  The  size  quoted  is  highly  dependent  on  the  height  of  the 
igniter  and  the  power  supplied  to  it.  The  tendency  of  the  tempera¬ 
ture  gradient  along  t!  e  surface  to  increase  with  the  increase  of 
power  can  be  seen  indirectly  from  Fig.  22(a)  and  (b).  Fig.  22  (a) 
shows  the  surface  temperature  readings  opposite  the  igniter  and  at 
a  distance  of  4mm  from  the  igniter.  The  temperature  difference 
between  these  two  stations  increase  with  increasing  power  level. 
Figs.  23  and  24  show  how  ignition  delay  gets  shorter  as  the  height 
of  the  igniter  is  decreased  and  as  the  local  fuel  temperature  ap¬ 
proaches  the  flash  temperature. 
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A  rather  interesting  observation  is  made  when  Pig.  22(a) 
is  compared  with  Fig.  25.  With  thermocouple  placed  immediately 
under  the  igniter  on  the  fuel  surface,  it  is  learned  that  the  tem¬ 
perature  of  the  fuel  remains  constant  with  increase  in  power,  while 
it  increases  progressively  with  increase  in  height  of  the  igniter; 
contrary  to  the  belief  that  we  should  get  the  same  results  in  both 
cases.  Although  we  have  no  exact  knowledge  cr.  the  mechanism  of 
heat  exchange  between  the  fuel  and  the  hot  igniter,  it  can  be  ar¬ 
gued  that  the  hot  air  around  the  igniter  surface  must  play  an  im¬ 
portant  role.  When  the  igniter  is  placed  very  close  to  the  fuel 
surface,  a  small  area  near  the  igniter  is  exposed  to  extremely 
hot  air  flowing  due  to  natural  convection,  therefore,  vapor  that 
is  mixed  with  this  hot  air  will  ignite  in  a  smaller  concentration 
than  that  given  for  the  low  limit  of  flammability.  This  is  plausible 
in  view  of  the  decrease  in  this  limit  with  increasing  mixture  tem¬ 
perature.  For  this  reason,  the  fuel  surface  temperature  does  not 
need  to  be  the  flash  temperature,  but  considerably  lower.  On  the 
other  hand,  when  the  igniter  is  moved  higher,  the  mixture  present 
between  the  igniter  and  the  fuel  surface  is  exposed  to  lower  air 
temperatures  and  the  fuel  surface  area  covered  by  the  natural  con¬ 
vection  currents  of  the  air  will  be  larger. 

C. 3  Conclusions 


In  conclusion,  the  ignition  of  pools  of  fuel  at  tempera¬ 
tures  above  their  flash  point  can  be  readily  achieved  and  hence 
render  the  fuel  dangerous.  However,  with  the  introduction  of  high 
winds  over  the  fuel  surface,  the  ignition  possibilities  become  more 
and  more  limited  to  small  heights  above  the  fuel  surface. 

Although  fuels  such  as  n-Decane  with  flash  temperature  of 
46°C  are  classified  as  safe  by  the  U.  S.  Institute  of  Commerce  Com¬ 
mission  Code,  they  can  be  rendered  unsafe  if  they  are  thickened 
(their  viscosity  is  increased),  and  if  the  igniters  are  more  ela¬ 
borate  than  the  spark  and  the  straight  hot  wire,  i.e.,  cover  a  large 
surface  area  of  fuel.  For  this  reason,  the  study  of  ignition  of 
fuels  at  subflash  temperatures  becomes  highly  important  as  an  exten¬ 
sion  to  the  problem  of  fuels  at  their  super flash  temperatures.  From 
our  observation,  we  can  conclude  that  the  model  for  such  ignition 
would  include  as  the  essential  processes,  the  gas  phase  conductive 
heat  transfer  from  the  hot  wire  to  the  surface,  the  heat  transfer 
into  the  liquid  below  the  surface  in  the  presence  of  the  induced 
convective  flow  field,  the  resulting  rate  of  temperature  rise  at 
the  surface,  and  the  build-up  of  the  fuel  vapor  concentration  at  the 
surface  corresponding  to  the  rising  surface  temperature. 

In  order  to  complete  the  model,  detailed  knowledge  of  the 
heat  input  to  the  fluid  phase  from  the  igniter  must  be  available,  as 
well  as  a  relation  between  this  heat  input,  the  thermodynamic  prop¬ 
erties  of  the  fuel  (viscosity,  and  thermal  expansion  coefficient, 
density,  surface  tension)  and  their  variation  with  temperature,  the 
induced  surface  velocities  and  the  extent  of  the  surface  area  affected 
must  be  understood.  The  more  detailed  study  of  the  motion  preceding 
ignition  at  subflash  temperatures  was  intended  to  extend  knowledge 
of  some  of  the  above  mentioned  parameters. 


-176- 


D .  Preignition  Motion  of  the  Fluid 

In  the  course  of  study  of  ignition  of  liquid  fuels  which 
were  initially  at  the  subflash  temperature,  it  was  found  that  the 
fluid  was  set  in  motion  as  a  result  of  the  heat  input  at  the  igni¬ 
ter.  This  fluid  motion  was  found  to  have  a  strong  influence  on  the 
ignition  time,  and  thereby  became  a  sub- topic  of  this  investigation 
of  the  ignition  of  liquid  fuels.  The  investigation  involved  a  de¬ 
tailed  experimental  and  analytical  program,  which  was  intended  to 
demonstrate  the  important  mechanisms  governing  the  fluid  motion  in 
order  to  allow  prediction  of  this  effect  in  new  situations. 

D.l  Experimental  Program 

D.1.1  Equipment 

An  apparatus  suitable  for  visual  and  photographic  study 
of  the  surface  and  sub-surface  liquid  motion  was  constructed,  Fig. 
26.  It  consisted  of  a  small  rectangular  tray,  two  sides  of  which 
were  made  of  optical  quality  quartz  to  facilitate  visual  observa¬ 
tion.  The  bottom  and  ends  of  the  tray  were  made  of  copper  with  a 
surrounding  jacket  for  water  cooling  during  long  tests,  to  bring 
about  steady  state.  The  tray  was  2  cm  wide,  11.5  cm  long  and  4  cm 
deep.  These  dimensions  together  with  the  use  of  a  heater  wire 
spanning  the  width  of  the  tray,  assured  essentially  two  dimensional 
motion  of  the  fluid.  The  electrically  heated  wire  was  normally 
placed  so  that  it  was  just  wetted  by  the  top  of  the  liquid  surface. 

Thermocouples  were  used  to  measure  the  temperature  dis¬ 
tribution  in  the  fluid,  and  streak  photographs  of  small  particles 
suspended  in  the  fluid  were  used  to  obtain  fluid  velocities.  Den¬ 
sity  gradients  were  observed  by  Schlieren  photography. 

♦ 

D.l. 2  Results  of  Experiments 

Fig.  27  shows  a  series  of  photographs  of  the  liquid  motion 
in  n-Decane  following  the  initiation  of  power  to  the  heater  wire, 
taken  with  an  exposure  of  1/4  sec  at  zero  time,  2  sec,  5  sec  and 
8  sec  after  the  power  was  turned  on.  A  small  eddy  is  observed  to 
grow  and  move  away  from  the  vertical  plane  of  the  hot  wire,  as  time 
progresses.  This  is  the  type  of  motion  which  is  responsible  for 
the  extended  ignition  delay  of  liquid  fuels,  which  are  at  a  tempera¬ 
ture  below  the  flash  point,  when  they  are  being  ignited  by  a  hot 
metal  such  as  this  heater  wire.  The  change  of  eddy  dimensions  with 
time  is  shown  in  Fig.  28. 

A  close  examination  of  the  typical  transient  fluid  motion 
beginning  when  the  heater  power  is  first  turned  on  reveals  the 
following  events.  At  first,  a  very  thin  layer  on  the  top  surface 
streams  rapidly  outward  from  the  heated  wire,  and  simultaneously 
the  eddies  beneath  the  surface  are  initiated.  When  the  surface  wave 
encounters  the  end  walls  of  the  tray,  the  accompanying  flow  deflects 
downward  and  recirculates,  coming  up  underneath  the  wire.  Meanwhile 
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the  first  eddie  has  grown  somewhat  so  that  there  appears  to  be  a 
concentrated  circulatory  motion,  due  to  the  direct  heating  from 
the  wire,  near  the  wire,  with  a  somewhat  weaker,  large-scale  cir¬ 
culation  throughout  the  tray,  resulting  from  the  deflection  of  the 
surface  motion  when  it  encountered  the  end  wall.  Usually  the  large- 
scale  weak  circulation  will  decay  with  time  resulting  in  two  main 
counter-rotating  vortices,  which  are  symetrically  spaced  about  the 
vertical  plane  of  the  heater  wire. 

Fig.  18  shows  streak  photographs  of  the  steady  state 
motion  in  n-Decane,  from  which  maximum  fluid  velocities  were  ob¬ 
tained.  By  analyzing  a  series  of  streak  photographs,  it  is  noted 
that  the  size  of  the  vortices  increases  with  time,  as  in  Fig.  27, 
and  that  the  size  also  increases  with  increased  power  to  the  heater 
wire. 


Besides  the  direct  streak  photographs,  schlieren  photo¬ 
graphs  and  thermocouple  surveys  have  been  used  to  obtain  tempera¬ 
ture  and  density  distributions  in  the  pool.  As  expected,  the  high¬ 
est  temperature  is  reached  adjacent  to  the  wire  and  the  central 
portions  of  the  vortices  are  also  generally  warmer  than  other  regions 
in  the  pool,  Fig.  29.  The  maximum  observed  temperature  difference 
between  the  fluid  nearest  the  wire  and  the  fluid  far  from  the  wire, 
for  conditions  comparable  to  those  yielding  Fig.  27,  is  less  than 
20°C. 


Now,  an  important  problem  is  the  identification  of  the 
force  or  forces  driving  the  fluid  motion.  There  are  at  least  two 
candidate  forces  -  those  due  to  a  surface  tension  gradient  and  those 
due  to  buoyancy.  The  existence  of  a  surface  tension  gradient  is  a 
consequence  of  a  non-uniform  fuel  surface  temperature  coupled  with 
the  temperature  dependence  of  surface  tension;  the  buoyancy  force 
results  from  the  fact  that  the  isotherms  in  the  fuel  are  not  paral¬ 
lel  to  the  fuel  surface,  coupled  with  the  temperature  dependence 
of  the  liquid  density  (uniform  heating  from  above  would  produce  no 
buoyancy  force ) . 

The  results  of  experiments  tend  to  indicate  that  both  of 
these  types  of  forces  may  play  a  role  in  causing  the  observed  fluid 
motion.  Thus  in  Fig.  19,  one  sees  that  the  addition  of  a  surfactant 
which  largely  nullifies  the  temperature  dependence  of  surface  ten¬ 
sion  for  n-decane  leads  to  shorter  ignition  delays,  but  it  does  not 
reduce  the  delay  down  to  the  level  that  would  exist  if  the  fuel  were 
completely  immobile;  evidently  the  fluid  motion  is  slowed  but  not 
eliminated. 


The  roles  played  by  these  two  types  of  forces  can  be  dis¬ 
cussed  more  precisely  on  the  basis  of  the  appropriate  dimension¬ 
less  groups  measuring  the  relative  influence  of  these  factors.  In 
the  case  of  a  flow  field  driven  by  a  temperature -induced  surface 
tension  gradient,  the  relevant  dimensionless  group  is  a  Marangoni 
number.  Its  significance  for  our  problem  can  be  derived  in  the 
following  way.  We  note  that  there  exists,  in  steady-state,  a  balance 
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at  the  free  surface  between  the  shear  stress  due  to  the  surface 
tension  gradient  and  viscous  shear  within  the  liquid.  This  yields 
an  expression  for  the  order  of  magnitude  of  characteristic  liquid 
velocity  at  the  surface 


ytx.  =  viscosity  coefficient 
<Tr  =  change  of  surface  tension  per  degree 
h  =  depth  effected  by  the  motion 
/  =  lateral  widti  of  the  temperature  field 
AT  =  temperature  difference  over  the  span 

Using  this  characteristic  velocity,  one  can  compute 
the  ratio  of  the  heat  convected  to  the  heat  conducted  parallel  to 
the  surface.  This  ratio  is,  in  general,  a  Peclet  number,  but  in 
this  case  of  a  velocity  driven  by  a  surface  tension  gradient,  it 
becomes  a  Marangoni  number: 


Pe  ^ 

££  U  pc  AT 
k  AT/JL 

,  QA 

oC 

=  0(M. 

(11) 

where 

Ma  - 

(2/L 

v  y  oc 

j  i'AT 

(12) 

V  =  kinematic  viscosity  coefficient 


This  ratio  of  two  alternative  heat  flows  is  significant 
for  the  present  problem,  because  it  measures  the  effectiveness  of 
the  induced  motion  in  cooling  off  the  liquid  region  adjacent  to 
the  igniting  heat  source  and  thereby  delaying  the  occurrence  of 
ignition. 

In  the  case  of  a  flow  driven  by  the  temperature-induced  buoy¬ 
ancy,  the  relevant  dimensionless  group  is  the  Rayleigh  number.  To 
find  the  characteristic  convective  velocity,  we  make  use  of  the  ob¬ 
servation  that,  in  the  Navier-Stokes  equation  for  the  problem,  the 
term  due  to  buoyancy  must  be  of  the  same  order  as  the  term  due  to 
viscosity: 
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u *  o(4^~  r) 

|3  =  thermal  expansion  coefficient 
g  =  acceleration  due  to  gravity 


(14) 


Using  this  expression  for  the  characteristic  velocity, 
we  form  the  ratio  of  heat  flow;  as  before.  Now  the  correspond¬ 
ing  peclet  number  becomes  the  Rayleigh  number: 


Pa  * 


ILL  , 

c*  V 


(15) 


(16) 


Each  of  the  two  numbers  depends  on  the  physical  prop¬ 
erties  of  the  fuel,  on  the  imposed  temperature  difference,  and 
on  the  size  of  the  affected  flow  field.  If  we  take  a  tempera¬ 
ture  difference  of  one  degree  and  a  dimension  of  one  centi¬ 
meter,  the  two  numbers  become  the  unit  numbers,  Ma^  and  Ra^, 
defined  as  follows: 


Ma  =  Ma^  JL  •  AT 

(17) 

(see  Table  4) 

Ra  =  Rax  l%  •  &T 

(18) 

In  the  experiment  with  the  liquid  tray  described 
above,  the  power  dissipated  in  the  hot  wire  was  measured.  It 
is  possible  to  replace  AT  in  the  expression  for  the  Marangoni 
and  Rayleigh  numbers  with  the  power,  W,  in  the  following  way. 
By  recognizing  that  th"  loss  of  heat  from  the  hot  wire  can  be 
expressed  in  terms  of  a  heat  transfer  coefficient,  k^: 

W  -  k H'C^cU 


where  is  a  coefficient  for  convective  heat  transfer. 

Replace  AT,  in  the  Marangoni  and  Rayleigh  numbers, 
and  take  h&jt,  since  vertical  heat  transfer  must  be  essentially 
balanced  by  the  induced  horizontal  heat  transfer,  using  Eqs. 

11  and  19,  one  obtains: 


Pe 


uh 

e<  eC 


l/l  w 
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(surface  tension  driven) 


(20) 


and  using  Eqs.  15  and  19,  one  further  obtains: 


^  /M)  h3  W 
Vi>*)cH?cU 


(buoyancy  driven)  (21) 


-180- 


Both  equations 

can 

be  re-arranged  to 

V2 

=  0 

/  Ma. .  j-lO 

w 

(  Ch  f*  ) 

sjL 

-  0| 

(  Ba*  .  _25u  K1 ) 

w 

l  CH  pc  1 

take  the  following  forms: 

(surface  tension  driven)  (20a) 

(buoyancy  driven)  (21a) 


The  final  results  indicate  then  that  each  type  of  driv¬ 
ing  force  should  yield  a  linear  correlation  between  input  power 
to  the  heated  wire  and  the  appropriate  groupinq  of  variables 
shown  above.  The  existence  of  such  correlations  has  been  tested, 
using  measured  values  (from  streak  photos)  of  the  maximum  fluid 
velocity  leaving  the  wire,  and  appropriate  values  for  the  various 
other  parameters  in  the  above  equations.  The  results  for  five  dif¬ 
ferent  fuels  and  water  are  shown  in  Fig.  30.  Both  of  the  correla¬ 
tions  appear  to  be  rather  good,  except  for  water,  which  will  be 
discussed  separately. 


Measured  surface  temperature  by  a  very  fine  (25  microns) 
thermocouple  shows  a  quick  temperature  rise  of  a  few  degrees  cen¬ 
tigrade  a  fraction  of  second  after  power  on.  The  temperature  keeps 
rising  after  this  jump  for  the  order  of  tens  of  minutes.  The  high¬ 
est  temperature  at  the  surface  in  the  steady-state  is  plotted  in 
Fig.  31,  using  the  same  correlation  factor  as  used  in  Fig.  30a. 

From  this,  we  can  predict  the  least  power  input  to  bring  the  sur¬ 
face  temperature  to  the  flash  point,  i.e.,  minimum  requirement  to 
get  ignition. 


It  is  of  interest  to  note  that  the  correlation  for  buoyancy 
contains  an  h3  dependence  while  that  for  surface  tension  a  linear 
h  dependence.  Therefore,  although  the  similarity  number  does  not 
directly  reveal  anything  about  the  manner  in  which  the  flow  begins 
(it  comes  from  the  steady-state  equation),  it  is  evident  that  the 
Marangoni  number  is  dominant  when  the  affected  portion  of  the  liquid 
cell  is  small,  and  that  the  Rayleigh  number  becomes  more  important 
when  the  entire  flow  field  participates  in  the  motion.  This  tends 
to  indicate  that  the  flow  may  start  with  surface  tension,  but  that 
later  it  is  sustained  mainly  by  buoyancy  effects.  At  what  time  in 
the  starting  transient  the  cross-over  takes  place  cannot  be  determ¬ 
ined  without  solving  the  full  set  of  time-dependent  equations.  How¬ 
ever  it  appears  that  during  the  pre-ignition  interval  of  a  liquid 
fuel  both  types  of  forces  must  be  considered. 


D.1.3  Motion  of  Water 


Since  the  liquid  fuel  motion  under  study  was  believed  to 
be  characteristic  of  all  fluids,  the  study  was  extended  to  observa¬ 
tion  of  the  motion  of  pure  water.  From  Fig.  30  it  can  be  seen  that 
the  motion  in  water  is  far  less  vigorous  than  in  the  fuels.  Further, 
in  examining  the  temperature  distribution  of  water  due  to  the  local 
heating,  it  was  noted  that  the  temperature  change  was  concentrated  in 
a  5  mm  layer  near  the  surface,  Fig.  32,  as  compared  to  almost  the 
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entire  pool  depth  for  fuel,  Fig.  29.  It  appears,  therefore  that 
the  thermal  layers  are  more  stable  in  water  than  in  the  fuels. 

The  reason  for  this  is  not  completely  understood  at  present. 

In  comparing  the  unit  Marangoni  and  Rayleigh  numbers  for 
several  of  the  fluids  tested,  Table  4,  some  differences  can  be  ob¬ 
served.  For  water,  the  ratio  of  Rayleigh  to  Marangoni  number  is 
about  1.36  at  room  temperature,  while  the  ratio  for  n-decane  is 
about  7.5.  When  a  small  amount  of  alcohol  is  added  to  water,  de¬ 
creasing  the  surface  tension,  this  ratio  is  increased  to  about 
2.5,  and  the  water  motion  becomes  considerably  more  vigorous. 

From  this  observation,  it  would  appear  as  though  the  surface  ten¬ 
sion,  if  too  large,  will  tend  to  retard  the  motion,  and  when  it  is 
reduced,  allows  the  motion  to  become  more  intense.  Further  study 
of  this  phenomena  seems  to  be  required  for  a  clear  understanding 
of  the  mechanisms  involved.  More  light  will  be  shed  on  this  2_ 
peculiarity  of  water  in  the  publication  which  is  in  progress. 


D.2  Theoretical  Program 


The  discussion  of  the  possible  forces  causing  the  fluid 
motion,  given  in  the  previous  section,  stimulated  interest  in  a 
more  quantitative  evaluation  of  the  flow  phenomena.  To  accomplish 
such  an  evaluation  required  a  detailed  solution  of  the  transport 
equations  in  the  fluid  with  boundary  conditions  corresponding  to  the 
physical  problem.  The  preliminary  results  of  this  study  will  be 
reported  here,  with  more  complete  solutions  to  be  reported  in  a 
forthcoming  publication. 22 


D.2.1  Theoretical  Model 


The  tray  described  in  section  D.1.1  was  used  to  formulate 
the  mathematical  model.  Since  the  vertical  plane  of  the  wire  de¬ 
fines  a  plane  of  symmetry,  only  one  half  of  the  pool  was  considered. 
The  sketch  illustrates  the  model.  The  plane  of  symmetry  is  shown 


as  a  broken  line.  The  heat  input  takes  place  at  x  =  o,  z  =  h,  and 
begins  at  t  =  o+.  Due  to  the  large  dimension  in  the  y  direction, 
the  flow  was  considered  uniform  in  that  direction,  resulting  in  a 
two-dimensional  system. 


D.2.2  Transport  Equations  and  Boundary  Conditions 


The  relevant  transport  equations  may  be  derived  from  the 
incompressible  Navier-Stokes  equations  for  two-dimensional  flow, 
using  the  assumptions  that 

1)  only  small  temperature  contrasts  are  considered,  so 
that  the  variation  of  the  physical  transport  properties 
of  the  fluid  with  temperature  may  be  neglected; 

2)  the  Boussinesq  approximation  concerning  the  density 

of  an  incompressible  fluid  in  natural  convection  applies, 
i.e.  density  variations  may  be  neglected  everywhere  ex¬ 
cept  in  the  gravitational  body  force,  giving  rise  to 
buoyancy  effects. 

Assuming  a  velocity  vector  u  =  (u,o,w)  the  relevant  equa¬ 
tions  of  state,  continuity,  and  momentum  and  heat  transport  are 
given  by 
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>-(3T,) 

(22) 

.  o 

d*.  Jz 

(23) 

+  (CL  v)ul  -  -i 

+  »  V’u. 

(24a) 

+  (u?)vV  -  "  ^  ^  ' 

h  V  V  w  +  ^3  Tx 

(24b) 

<3T,  +(a-v)ri  -  kT 

it 

(25) 

where  T^  is  defined  by  (22),  T0  is  suitably  averaged  mean  tem¬ 
perature  and  a  corresponding  density,  and  p  is  the  dynamic 
pressure  (total  minus  hydrostatic).  The  coefficients  of  kine¬ 


matic  Viscosity  ,  thermomr trie  conductivity  kip  arid  thermal  expansion 
/3  —  '  ($A  \  are  assumed  to  be  constant. 

For  two-dimensional  flow  we  may  introduce  a  streamfunction 
¥■  defined  by  the  relations 


u 


-  ^ 
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Cross-differentiating  the  first  and  second  component  of  (24) 
eliminate  p,  and  introducing  the  vorticity  (y-component) 


to 


(26) 


-183- 


we  obtain 


|£  ♦  «'%  =  VVf  -  (33f‘ 


The  boundary  conditions  are  now  summarized  as  follows! 

At  z  =  O  r-  u  "  **  - 

(bottom) 


At  z  =  h 
(top) 
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(29a) 

(29b) 


(29c) 


(29d) 


The  stream  function  ¥  has  been  put  equal  to  zero 
on  all  four  surfaces  since  no  fluid  enters  or  leaves  the  test 
volume,  and  g"  vanishes  in  view  of  (27)  and  the  "frictionless 
wall"  approximation. 

Finite-difference  versions  of  (25),  (27),  and  (28)  were 
programmed  for  a  digital  computer  (IBM  360/91),  along  with  the 
boundary  conditions  (29);  the  appropriate  numerical  schemes  and 
iteration  procedures  are  discussed  next. 

D.2.3  Numerical  Scheme 


The  finite  difference  form  of  equations  (25),  (27)  and 
(28)  will  be  presented  here.  For  a  detailed  discussion  cf  the 
overall  scheme,  the  reader  is  referred  to  papers  by  Williams  23,24 
for  a  discussion  of  differencing  the  nonlinear  advectiye  terms 
and  the  property  of  conservation  to  a  paper  by  Arakawa  25,  and  for 
a  discussion  of  iterating  the  initial  value  problem  in  time,  to  two 
works  of  Richtmyer  2®'  . 


We  discretize  the  time  coordinate  as  t  «  n'At  and  the  space 
coordinates  as.x=i-Ax,  z=j  •  A  z,  with  n,  i,  j  being  integers,  and 
denote  the  value  of  a  dependent  variable,  say  (p  ,  at  the  discrete 
mesh  points  as  z  :t )  «  j  az :  n-&  t  )  .  Introducing 

the  difference  operators 


Sr  (a.?) 


z 


(30) 
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(31 (a,b] ) 

(32a) 

(32b) 


We  may  write  (25)  and  (28)  as 


+  kr[DFX(V)  +  VPZ(T^)] 

StC4.j"  )  •  -  *  S,[(S,  V)f2" 

*  )]-&*•  (V) 


(33) 
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The  particular  form  of  spatial  differencing  ttie  non¬ 
linear  advection  terms  is  denoted  by  in  Arakawa' s  25  work  and 
is  shown  there  to  conserve  the  kinetic  energy  of  the  system.  It 
may  be  also  shown  that  it  conserves  T  as  well,  i.e.  the  area- 
averaged  quantity  T"  *  ff  is  unaffected  by  the  advection  terms, 
as  it  should  be.  The  particular  form  of  differencing  the  friction 
terms  is  known  as  the  DuFord-Frankel  scheme,  and  the  particular 
scheme  of  evaluating  with  central  differences  and  taking 

the  right-hand-side  at  the  center  level  n  (the  friction  terms  are 
slightly  modified)  is  known  as  "leap-frogging11. 


Suppose  the  iteration  in  time  has  proceeded  through  step 
n  so  that  we  know  all  dependent  variables  at  levels  n,  n-1,  etc. 
then  the  values  at  level  n+1  may  be  simply  obtained  from  summing 
the  right-hand-sides  of  (33)  and  (34),  after  having  transferred  the 
terms  (0k)"*'  appearing  in  the  friction  terms  to  the  left-hand- 

side  (  $K  he'^e  denoting?  or  T) .  This  type  of  time  iteration,  in 
which  the  new  values  are  obtained  from  previous  values  of 

without  iteration  or  Gaussian  elimination  is  known  as 
an  explicit  scheme. 


Explicit  time-iteration  schemes  have  usually  a  stability 
condition  imposed  on  the  size  of  the  time  step  At  with  which  one 
can  advance.  The  Von  Neumann  condition  (p.  70,  ref.  28)  on  the  nu¬ 
merical  stability  of  the  equations  (33)  and  (34)  reduces  essentially 
to  two  conditions:  one  due  to  the  advection  terms  and  one  due  to 
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internal  gravity  waves.  The  conditions  become 


At 


A/ 


|U.| 


\w\ 

A? 


At  <  fg~  “tr  AK 


(35) 


(36) 


which  must  be  observed  at  each  mesh  point  i,  j  for  the  over-all 
scheme  to  remain  stable.  The  choice  of  the  DuFort-Frankel  scheme 
for  the  friction  terms  eliminated  one  of  the  severest  restrictions 
on  At,  usually  At  *  A*Vu 


The  solution  of  the  Poisson  equation  (27),  which  must 
be  performed  after  each  time  step  to  obtain  new  values  of  ^  ?*' 
(and  hence  (l,.  .n*'  and  ),  is  accomplished  by  means  or 

discrete  Fourier  series.  We  expand  both  ■  and  •  as 

J-) 


■  I 

f»r  l 


br  (v-xtr  j  AH  ) 


(37) 


sin  A *0 


(38) 


where  -/  “1  is  the  number  of  interior  mesh  points,  and 

solve  the  resulting  ordinary  difference  equations 


(AX)' 


-  2*; 


.  t  >n 
-  m  TT  Ct~i 


(39) 


for  each  CLm  by  the  well-kncxvn  "tri-diagonal  algorithm"  (p.  200, 
ref.  27).  Here  practically  all  the  computation  is  spent  in  de¬ 
composing  £  into  A m  >  and  superposing  the  acm  to  obtain  . 

Utilizing  the  symmetry  of  the  discrete  sine  functions  rj/jJ 

many  multiplications  can  be  eliminated  and  the  total  computation 
time  shortened  by  large  factors.  In  the  case  of  a  pure  sine  series, 
this  factor  is  3,*  in  case  of  periodic  boundary  conditions  it  be¬ 
comes  as  large  as  8.  For  a  description  of  the  relevant  algorithms, 
the  reader  is  referred  to  the  paper  by  Williams24. 


D.2.4  Choice  of  Physical  Parameters 


The  physical  parameters  were  chosen  to  correspond  to  the 
experiment  involving  n-decane,  2  cm  deep,  initially  at  20°C,  and 
heated  by  a  power  input  of  1  watt/cm  along  the  wire.  The  relevant 
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liquid  properties  of  n-decane  at  20°C  are: 

2 

ex.  =  0.00C943  cm  /sec 

kT=  0.00032  cal/sec  cm  °C 
yU.  =  0.009  poise 

( 3  =  0.03103  °C_1 

p  =  0. 73g/cm^ 

No  evaporation  or  heat  transfer  at  the  upper  surface  is 
allowed,  except  from  the  wire.  Around  the  wire  (Qfx)/^  =  1  watt/ 
cm  .rw)  for  x  <  rw  and  zero  for  x>  rw.  No  viscous  shear  is 
allowed  at  the  upper  surface  of  the  liquid,  but  the  shear  along 
the  tank  walls  is  considered.  The  initial  temperature  is  assumed 
uniform,  and  the  wall  temperatures  remain  constant  at  this  value 
of  20°C. 

D.2.5  Results  and  Discussion 


Fig.  33  shows  a  preliminary  plot  of  the  calculated  stream¬ 
lines  in  the  pool  of  n-decane  at  1.55  sec  after  the  power  was  turned 
on.  The  comparison  in  this  report,  with  experimentally  observed 
motion  will  be  only  qualitative,  with  more  quantitative  comparison 
to  follow  in  the  publication.22  This  figure  considers  only  the 
effect  of  buoyancy,  with  surface  tension  effects  to  be  incorporated 
later.  2  There  is  a  concentrated  circulation  pattern  set  up  in  the 
region  near  the  heater,  similar  to  the  experimentally  observed  vor¬ 
tices,  with  some  evidence  of  small  vortices  being  shed  from  the 
larger  one.  These  shed  vortices  are  more  difficult  to  observe  in 
the  experiments,  but  are  not  to  be  discounted. 

Further  numerical  study  is  continuing  in  order  to: 

a)  observe  the  growth  of  the  vortex  with  time,  to 
compare  with  Fig.  28 

b)  observe  the  effect  of  surface  tension  gradient  on 
the  vortex  pattern,  in  an  attempt  to  explain  the 
differences  between  the  motion  observed  in  water 
and  that  observed  in  hydrocarbon  fuels 

c)  observe  the  possible  effect  of  the  containing  walls 
on  the  flow  pattern  and  intensity. 

D. 3  Conclusions 


Convective  motion  of  the  fluid  due  to  heat  input  at  a  point 
in  the  surface  of  a  pool  of  fuel  is  very  complex.  The  motion  appears 
to  be  driven  by  buoyancy  and  surface  tension  gradients  resulting  from 
curved  isotherms  in  the  fluid.  The  Marangoni  and  Rayleigh  numbers 
are  proposed  as  the  important  dimensionless  grouping  of  variables 
to  explain  the  motion.  It  is  observed  that  the  motion  is  more  vigor¬ 
ous  in  hydrocarbon  fuels  than  ?n  water  for  equivalent  conditions, 
perhaps  due  to  a  larger  ratio  of  Rayleigh  to  Marangoni  number. 
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the  eouaH^!1  * LnafY  resu*ts  from  numerical  calculations  based  on 
ism  Slid'  rLuLmott°nl  Wlth  ^u°Vancy  as  the  sole  driving  mechan- 
tices^  6ld  results  which  resemble  the  experimentally  observed  vor- 
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(F.T.  JH'Ci  v»ith  change  in  initial  fuel  temperature, 
«ur  fl.w,  and  p>er  of  igniter  c  >n  the  subflash 
regime.  {Fuel  depth  4mm.) 


TABLE  2.  The  variation  of  ignition  height  over  Benzyl  Alcohol 
(F.T.  lOl^'C)  with  change  m  initial  fuel  temperature, 
air  flow  and  power  of  igniter  C  in  the  subflash 
regime.  (Fuel  depth  4mm.) 


Fuel  Temp. 

Power  to  Igniter 

fcx 

(Watts ) 

24 

95 

24 

110 

40 

95 

40 

110 

70 

95  • 

70 

110 

80 

95 

Ignition  Height  (mm) 

No  air  flow  Flow  of  2  ft/sec 

No  Ignition 

Ignition  at  the  surface 
Ignition  at  the  surface 
Ignition  at  the  surface 
.3  .3 

.4 

.5  .8 


96 


95 


3.6 


2.3 


TABLE  3 

The  effectiveness 

of  the  various 

igniters  shown  in 

Fig.  14,  and  fuel 

depth  on  the  i 

gnition  delay  of  n- 

Amyl  Alcohol  (F.T 

38°C)  at  temperature  of  21°C  and 

igniter  height  of 

1mm  above  the 

fuel  surface. 

Probe 

Power  to  Probe 

Fuel  Depth 

Iqnition  Delay 

(Watts) 

(mm. ) 

(sec. ) 

A 

56 

4 

12  1/2 

66 

6.5 

10  1/4 

68 

8 

9  1/2 

B 

61 

2.5 

11  1/4 

62 

4 

10  1/2 

62 

6.5 

11  1/2 

62 

8 

11  1/2 

C 

60 

2.5 

15  3/4 

66 

4 

No  ignition  within 

90 

sec. 

59.4 

6.5 

No  ignition  within 

90 

sac. 

59.4 

8 

No  ignition  within 

90 

sec. 

D 

56 

2.5 

12  1/2 

60 

4 

14  1/4 

63 

6.5 

20 

60 

8 

64  1/2 

E 

66 

8 

25  '2 

2.5 


8, 6. 5, 4 


40 

No  ignition  within  90  sec. 


G 


64 

64 
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TABLE  4 


Liquid 

Unit  Marar.goni  and  Rayleigh  Numbers 
For  Liquids  Studied 

Unit  Marangoni 

Number  (Ma^) 

Unit  Rayleigh 
Number  (Ra^) 

Pure  water 

1.1  x  104 

1.5  x 

104 

n-Decane 

1.2  x  104 

9.6  x 

104 

n-Decane  plu3 
surfactant* 

1.596  0.13x  104 

9.6  x 

104 

n-Decane  plus 
Vistanex 

1.596  0.023xl04 

0.19x 

104 

Ethyl  Alcohol 

0.96  xlO4 

9.3  x 

104 

* 


Test  sample  by  3M  Company,  #FC-176 
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Model  of  Boundary  Layer  Profiles  and  Ignition  Zone  Over  a  Pool  of  n-Octane 
(Flash  Temp.  13°C)  With  Fuel  Temperature  of  35°C. 


EXPERIMENTAL  RIG  FOR  IGNITION  OF  LIQUID  FUEL 


FIGURE  2 


Essential  Features  of  the  Settling  Chambe 
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FIGURE  5 


TEST  SECTION  WITH  SMOKE  FLOW  FROM  THE  SETTLING  CHAMBER  TO  THE  FUEL  TRAY 


VARIOUS  IGNITERS  USED  FOR  IGNITION  OF  FUEL  BELOW  FLASH  TEMPERATURE 


FIGURE  7 


INSTRUMENT  RACK:  A.  OSCILLOGRAPH  C.  TIMER 

B.  TEMPERATURE  D.  HOT  WIRE 

CONTROLLER  ANEMOMETER 
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Calculated  Profiles  of  Concentration .Velocity .and  Ignition  Zone  Boundary  Over  a 
Pool  of  n-Amyl  Alcohol  (F.T.  38°C)  at  a  Surface  Temperature  of  540c  Compared  with 
Experimental  Point.  (Spark  Plug  Igniter) 
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FIGURE  11 


of  Fuel  Surface 
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Ignition  Height  Over  n-Decane  Fuel 
(F.T.  46°C)  vs.  Main  Flow  Velocity/at 
Various  Initial  Fuel  Temperatures. 

Curves  (1)  &  (2)  Regime  I 

(3)  &  (4)  Regime  II 

(5)  Regime  III 

Experimental  conditions:  1.  Igniter  C 

2.  Power  of  95 
Watts 


FIGURE  12 


The  Variation  of  Ignition  Height  With  the 
Change  in  Surface  Temperature  of  n-Decane 
(F.T.  46°C) . 

Experimental  Conditions:  1.  Igniter  G 

2,  Power  of~60  Watts 


Fuel  Temperature  (°C) 


FIGURE  13 
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FIGURE  14 


Temperature  of  Fuel  (°C) 
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a)  Temperature  of  Iqniter  as  Measured  by 
Optical  Pyrometer  vs.  Power  to  Various 
Iqni tars  [C»D,G] . 

b)  Maximum  Iqnition  ileiqht  Above  n-Decane  Fuel 
(F.T.  46°)  vs.  Power  of  Various  Igniters. 
[C,D,G] 


(a) 


Power  to  Iqniter  (Watts) 
(b) 


FIGURE  15 


Power  ho  Igniter  (Watts) 


Ignition  of  n-Butyl  Alcohol  (F.T.  38°C) 
at  26°C  Initial  Surface  Temperature 
Showing  Effect  of  Different  Igniters  on 
Ignition  Height.  (No  Plow) 


Height  of  Ignition  (mm) 


FIGURE  16 


Power  to  Igniter  (Watts) 


Ignition  of  n-Amyl  Alcohol  (F.T.  38°C) 
Showing  Effect  of  Various  Igniters  and 
Different  Initial  Fuel  Temperatures. 
(No  Flow) 


O 


Q 


Height  of  Ignition  (mm) 


FIGURE  17 


Streak  Photograph  of  n-decane  Showing  Induced  Eddy  Motion  With 
Probe  Power  Input  of  0.72  Watts. 


Streak  Photograph  of  n-decane  Showing'  Induced  Eddy  Motion  with 
Probe  Power  Input  of  2.9  Watts. 


FIGURE  18 
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FIGURE  19 


Power  to  Igniter  G  (Watts) 
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Ignition  Delay  vs.  Diameter  of  Tray 

Experimental  Conditions: 

1.  n-Amyl  Alcohol  Fuel  (F.T.  38°C) 

2.  Initial  Fuel  Temp.  23#C 

3.  Fuel  Depth  23  mm 

4.  Power  to  Igniter  G  56  Watts 

5.  Ignition  Height  0.5  mm 


0  12 


Diameter  of  Tray  (in.) 


FIGURE  20 
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Ignition  Delay  vs.  Depth  of  Fuel 

Experimental  Conditions: 

1.  Conditions  1,2 ,4, and  5 
of  Fig,  20 


FIGURE  21 
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(a)  Surface  Temperature  at  Time  of  Ignition 
vs.  Power  to  Igniter. 

(1)  Thermocouple  Under  Igniter 

(2)  4  rail  Away 

(b)  Ignition  Delay  vs.  Power  to  Igniter. 


Experimental  Conditions: 

1.  n-Decane  Fuel  (F.T.  46°C) 

2.  Igniter  G 

3.  Ignition  Height  0.5  mm 

4.  Initial  Fuel  Temp.  23°C 


5.  2"  Dia.  Plexiglas  Tray 


0  50  60  70  80 


Power  to  Igniter  (Watts) 


Power  to  Igniter  (Watts) 


(b) 


FIGURE  22 
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Ignition  Delay  vs.  Ignition  Height 


Experimental  Conditions: 

1.  n-Decane  Fuel  (F.T.  46°C) 

2.  Initial  Fuel  Temp.  21°C 

3.  Igniter  G 

4.  Power  to  Igniter  56  Watts 

5.  2"  Dia.  Plexiglas  Tray 

6.  Fuel  Denth  22  mm 


FIGURE  23 
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Effect  of  Iqniter  Height  Over  the  Fuel 
Surface  on  the  Fuel  Surface  Temperature 
Under  the  Iqniter  at  Time  of  Ignition. 

Experimental  Conditions: 

1.  Conditions  1  to  6  of  Fiq.  23 
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elocity  Correlation  vs.  Power  Input 

a)  For  Surface  •ension  ”>riven  Flow 

b)  For  B  ;o”ancy  -riven  Flow 
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Temperature  Rise  in  Water  as  Measured  by  Pine  Thermocouples 


FIGURE  32 
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Figure  1 
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Part  IV.  Combustion  of  Nitrocellulose-Base  Propellants 

(M.  Summerfield (Principal  Investigator),  J.  A.  Steinz, 
H.  Isoda,  and  N.  Kubota) 


The  studies  of  the  combustion  characteristics  of  nitro¬ 
cellulose-base  solid  propellants  was  begun  under  this  contract. 
Unfortunately,  due  to  funding  difficulties,  it  was  supported  for 
only  one  month.  The  accomplishments  to  be  reported  are  therefore 
modest. 


A  literature  search  was  intended  in  this  program  and 
the  outline  of  how  it  would  be  presented  was  made,  and  is  included 
here.  Some  initial  experiments  were  performed  and  are  also  des¬ 
cribed. 

A.  Literature  Survey  Outline 

The  main  purpose  of  this  literature  survey  report  on  the 
mechanism  of  combustion  of  double  base  propellants  was  to  assemble 
all  the  facts  about  the  burning  of  double  base  propellants  into  a 
coherent  picture  so  that  we  would  finally  be  able  to  construct  an 
all-encompassing  combustion  model  for  this  class  of  propellants. 

We  would  also  have  delineated  the  areas  that  still  remain  unknown, 
and,  as  a  result,  we  should  have  been  able  to  point  the  way  to  more 
fruitful  avenues  of  future  research.  This  survey  report,  when  it 
was  completed,  would  serve  as  the  basis  of  our  future  investigations 
and,  we  hoped,  as  the  basis  for  the  future  endeavors  of  other  workers 
also.  As  an  indication  of  the  coverage  of  this  report,  we  attach 
a  list  of  the  references  that  had  been  evaluated  for  their  useful¬ 
ness  in  the  final  version  of  the  report.  The  findings  of  these 
references  were  to  be  placed  in  their  proper  perspective  in  the  dis¬ 
cussions  of  the  report. 

The  survey  report  was  intended  to  cover  the  findings  of 
all  previous  investigators  concerning  the  structure  of  a  double  base 
propellant  flame,  the  chemical  kinetics  in  the  important  reaction 
stages,  and  the  burning  rate  behavior  as  a  function  of  various  com¬ 
positional  factors  and  also  as  a  function  of  other  physical  para¬ 
meters  such  as  initial  temperature  and  pressure.  All  of  these  find¬ 
ings  were  to  be  drawn  together  and  compared  with  the  predictions  of 
several  previously  proposed  theoretical  models  of  propellant  burn¬ 
ing.  Such  comparisons  would  reveal  the  deficiencies  in  each  of 
these  models  and,  at  the  same  time,  would  point  to  improvements 
that  ought  to  be  made  if  a  "true"  model  of  DB  propellant  burning  is 
finally  to  be  developed. 

The  first  section  of  the  report  would  discuss  the  practi¬ 
cal  import  of  DB  propellants  and  the  details  of  their  composition 
and  manufacture.  Of  particular  interest  would  be  the  purpose  of 
each  constituent  and  the  possible  effects  of  these  constituents  on 
the  overall  burning  behavior  of  a  DB  propellant.  Special  emphasis 
would  be  given  to  the  effects  of  various  additives  such  as  those 
lead  and  copper  compounds  that  produce  burning  rate  vs  pressure 
curves  with  a  plateau  (region  of  zero  slope)  in  the  normal  rocket 
pressure  range,  i.e.,  in  the  range  extending  from  300  to  1500  psia. 
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The  second  section  of  the  report  would  cover  the  struc¬ 
ture  of  a  DB  propellant  flame,  at  pressures  from  0.001  atm  to  100 
atm.  No  direct  information  concerning  the  structure  above  100  atm 
was  available  so  for  this  pressure  range,  we  intended  to  outline 
the  method  of  inferring  the  structure  of  the  flame  from  the  pre¬ 
dictions  of  a  valid  physical  model  extrapolated  to  these  high  pres¬ 
sures.  (This  method  hoo  been  successful  in  our  earlier  investiga¬ 
tions  on  composite  type  solid  propellants  using  ammonium  perch¬ 
lorate  oxidizer.)  Much  of  the  discussion  would  be  aimed  at  giving 
the  details  of  each  of  the  three  (already  well-established)  sequen¬ 
tial  reaction  stages,  one  solid  phase  followed  by  two  gas  phase  re¬ 
action  stages.  In  this  section  of  the  report  we  intended  to  rely 
rather  heavily  on  a  variety  of  chemical  kinetic  studies  carried  out 
at  low  temperatures  in  bulk  and  on  information  obtained  during 
linear  regression  when  decomposition  occurs  in  a  surface  layer  at 
comparatively  high  temperature.  (Naturally  we  would  be  cautious 
about  extrapolating  low  temperature  bulk  decomposition  data  to  the 
situation  of  linear  regression  at  high  surface  temperatures.) 

More  information  would  be  obtained  from  the  results  of  chemical 
kinetic  studies  on  the  liquid  nitrate  esters,  compounds  that  are 
chemically  similar  to  the  NC/NG  type  DB  propellants. 

The  discussions  of  the  above  section  were  to  be  further 
amplified  by  an  elaboration  of  all  the  relevant  observations  con¬ 
cerning  the  structure  of  the  solid  phase,  the  structure  of  the 
liquid  layer  on  the  regressing  propellant  surface,  the  variation  of 
temperature  and  species  concentrations  through  each  of  the  three 
(or  more)  stages  of  the  flame  wave,  and  the  location  of  various 
radical  emitters  (indicative  of  the  active  regions)  in  the  flame 
wave.  Since  the  effect  of  pressure  on  all  of  these  observations 
can  be  important,  understanding  such  pressure  dependencies  will  be 
of  considerable  help  in  interpreting  the  significance  of  many  fac¬ 
tors  on  the  overall  combustion  process.  Thus,  throughout  the  dis¬ 
cussions,  continual  reference  would  be  made  to  the  effects  of 
changing  pressure,  with  this  background  of  information,  we  would 
be  able  to  define  qualitatively  the  range  of  physical  parameters 
in  which  each  of  the  three  reaction  stages  become  significant,  or 
even  exert  the  controlling  influence,  we  would  also  make  some 
specific  remarks  about  the  relative  roles  of  conductive  and  radia¬ 
tive  heat  feedback,  combustion  inefficiency,  and  about  the  impli¬ 
cations  of  a  molten  bubbling  layer  on  the  regressing  propellant 
surface . 


The  previous  section  on  flame  structure  observations 
would  serve  as  the  lead-in  for  the  next  section  in  which  we  would 
describe  the  combustion  process  in  as  much  detail  as  the  facts  will 
allow.  The  resulting  physical  model,  built  on  these  more  complete 
facts,  would  then  be  compared  to  the  previously  proposed  theoreti¬ 
cal  models.  Only  those  theories  proposed  for  homogeneous  solid 
propellants  such  as  those  of  Spalding,  of  Parr  and  Crawford,  of 
Rice  and  Ginell,  and  of  Glazkova,  would  be  considered  in  this  sec¬ 
tion  of  the  report.  The  comparison  between  theory  and  fact  concern¬ 
ing  the  flame  structure  and  between  measurements  and  theoretical 
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predictions  of  the  burning  rate  over  wide  ranges  of  pressure  would 
disclose  some  of  the  deficiencies  of  the  earlier  theoretical  models. 
The  comparison  would  also  suggest  areas  in  which  more  experimental 
work  must  be  done  if  reliable  and  accurate  theoretical  predictions 
are  to  be  possible  for  the  future.  The  comparisons  between  theory 
and  experiment  would  exclude  the  effects  of  the  various  additives; 
the  treatment  of  most  of  these  effects  is  presently  beyond  analy¬ 
tical  formulation.  Nevertheless,  we  would  have  outlined  the  possi¬ 
ble  modes  of  action  of  the  additives  and  also  suggested  how  one 
might  go  about  an  experimental  program  designed  to  identify  the 
specific  mode  of  action  of  each  of  these  additives. 

The  concluding  section  of  the  report  would  have  summarized 
all  that  is  known  about  the  mechanism  of  DB  propellant  burning  and 
would  point  also  to  all  that  has  yet  to  be  learned  of  this  process. 
Specific  recommendations  would  have  been  made  as  to  future  research 
efforts.  The  main  thought  underlying  these  recommendations  is  that 
the  problem  should  be  attacked  by  performing  several  parallel  ex¬ 
periments  on  the  same  propellant  composition  (as  outlined  in  Section 
I  of  the  present  proposal  report);  such  parallel  measurements  would 
be  self-corroborative  and,  only  in  this  way,  would  it  be  possible 
to  isolate  the  details  of  an  obviously  very  complex  combustion 
process.  Therefore,  we  foresee  a  program  in  which  flame  structure 
observations  are  made  in  conjunction  with  burning  ra^e  measurements 
over  the  entire  range  of  pressure.  These  simultaneous  measurements 
would  have  been  done  for  a  series  of  propellants  in  which  each  con¬ 
stituent  in  the  propellant  was  varied  systematically;  at  this  time, 
no  such  systematic  variation  of  compositional  factors  has  been  done  - 
it  is  still  not  possible  to  separate  the  effects  of  the  chemical 
compounds  that  typically  ender  into  a  double  base  propellant  com¬ 
position. 

B.  Preliminary  Experimental  Results 

Some  initial  experiments  to  measure  the  strand  burning 
rate  of  N-5  double-base  propellant  were  performed,  at  70°F  over  the 
range  of  pressure  from  1  atm  to  100  atm.  (see  Fig.  1).  Other  pro¬ 
pellants,  such  as  Ml,  M9,  M10,  M17,  M26  and  T36,  were  also  examined 
for  the  purpose  of  this  investigation,  but  were  not  tested  during 
this  program. 

Some  iritial  measurements  of  the  dark  zone  (height  vs 
pressure)  for  N-5  propellant  were  also  obtained  in  a  strand  burner 
equipped  with  side  windows  for  flame  observation.  Initial  spectro¬ 
grams  of  the  gaseous  part  of  the  flame  were  taken  at  50  psia  and 
200  psia.  It  was  noted  that  flames  of  double-base  propellants  are 
rather  faint  in  comparison  with  AP  type  propellants,  so  the  initial 
spectra  probably  did  not  show  all  the  prominent  emitters.  However, 
the  radicals  C2  and  CC  were  identified  from  emissions  in  the  midst 
of  the  region  of  the  carbon  continuum.  These  were  found  at  several 
mm  above  the  instantaneous  burning  surface,  not  immediately  above 
the  surface  as  in  AP  composite  propellants,  apparently  above  the 
dark  zone  but  within  the  luminous  flame  zone.  The  surface  and  sub¬ 
surface  domains  of  extinguished  N-5  propellant  were  examined 
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photomicrographically .  it  was  found  that  physical  changes  in  the 
condensed  phase  had  taken  place,  probably  induced  by  the  heat  wave, 
down  to  about  10  microns  below  the  surface  for  the  200  psi  case, 
and  about  30  microns  for  the  1  atm  case.  Surprisingly,  little 
evidence  of  bubble  formation  even  very  close  to  the  surface  was 
found;  some  evidence  of  abundant  sub-surface  gas  generation  had 
been  expected. 

Due  to  termination  of  funding,  this  project  was  not  con¬ 
tinued  further.  It  is  felt  that  further  conclusions  would  there¬ 
fore  be  premature,  based  on  the  introductory  type  investigations 
completed. 
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